Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-12-2012

Grain Bag Storage Systems: Monitoring, Analysis, and Effects
Jason Kellam Ward

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Ward, Jason Kellam, "Grain Bag Storage Systems: Monitoring, Analysis, and Effects" (2012). Theses and
Dissertations. 2435.
https://scholarsjunction.msstate.edu/td/2435

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template Created By: James Nail 2010

GRAIN BAG STORAGE SYSTEMS: MONITORING, ANALYSIS, AND EFFECTS

By
Jason Kellam Ward

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Biological Engineering
in the Department of Agricultural and Biological Engineering
Mississippi State, Mississippi
May 2012

Template Created By: James Nail 2010

Copyright 2012
By
Jason Kellam Ward

Template Created By: James Nail 2010
GRAIN BAG STORAGE SYSTEMS: MONITORING, ANALYSIS, AND EFFECTS
By
Jason Kellam Ward
Approved:
_________________________________
Jeremiah Davis
Assistant Professor of Agricultural
and Biological Engineering
Major Professor

_________________________________
Erick Larson
Professor of Plant and Soil
Sciences / State Corn Specialist
Committee Member

_________________________________
Michael Montross
Associate Professor of Biosystems
and Agricultural Engineering
University of Kentucky
Committee Member

_________________________________
Randy Raper
Agricultural Engineer/Senior Director
Field and Research Service Units
Oklahoma State University
Committee Member

_________________________________
Radhakrishnan Srinivasan
Assistant Professor of Agricultural
and Biological Engineering
Graduate Coordinator

_________________________________
Lori M. Bruce
Associate Dean for Research and
Graduate Studies of the Bagley
College of Engineering

Template Created By: James Nail 2010
Name: Jason Kellam Ward
Date of Degree: May 11, 2012
Institution: Mississippi State University
Major Field: Biological Engineering
Major Professor: Dr. Jeremiah Davis
Title of Study:

GRAIN BAG STORAGE SYSTEMS: MONITORING, ANALYSIS,
AND EFFECTS

Pages in Study: 111
Candidate for Degree of Doctor of Philosophy
Grain production in the Mid-South US has exceeded traditional grain bin storage
capacity in recent years. Alternative grain storage methods were adopted. One method
was grain bag storage. This system has been used for silage and high moisture corn
storage for decades and has been employed for dry grain in other regions of the world,
but little research was available to describe the internal environment of the grain bags and
its effects on grain quality. Weather conditions, agricultural methods, and cultural
practices vary; therefore further research was required to assess this storage practice and
describe best management practices for the local region.
The objectives of this study were to develop a system and method to monitor the
grain bag internal environment, to determine the internal environment and quality of
dried grains stored in grain bags, and to determine the internal environment and quality of
harvest moisture and condition corn stored in grain bags. An instrumentation system of
thermocouples and relative humidity sensors was successfully developed. Fourier
analysis was applied and sampling interval less than 10 hours was required to fully
describe the grain bag environment. Commercially conditioned (dried and blended) corn
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(14.1 % MCwb) and soybeans (10.4 %MCwb) were stored in grain bags for 20 and 16
weeks, respectively. Corn immediately after harvest (17.1 %MCwb) was stored for 12
weeks. There were significant differences between grain in the center of the bag and
peripheral temperature, with the periphery closely tracking ambient conditions.
Psychrometric calculations (humidity ratio and dew-point) indicated that moisture
migrated to the bag edges. Temperature within the grain mass never fell below the
temperature required for condensation, condensation at the bag internal surface was
likely. Grab samples did not reflect significant differences in grain moisture content
across the bag profile. Geostatistical methods were used to interpolate the thermal
environment of the grain bags; ordinary kriging was the best method of interpolation.
Commercially conditioned corn maintained its quality while in storage, while soybeans
lost one US grade. Harvest condition corn deteriorated in quality to US Sample grade
while in storage. Short storage periods for early harvest corn are recommended.
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CHAPTER I
GENERAL INTRODUCTION
Introduction
Trends in grain production have indicated that grain acreage, yield, and price will
continue to rise or remain above historical levels for the Mid-South (USDA-NASS,
2011). Both corn and soybean production has increased by 40 million bushels between
2002 and 2011, with peak corn production nearing 140 million bushels. Interest in onfarm storage of harvested grains has also increased. Mississippi has added 40 million
bushels of on-farm storage capacity between 2002 and 2011 (a 60% increase) with other
states in the region showing similar trends (USDA-NASS, 2012). Even with increased
capacity, there is not enough storage to meet production levels of the major grain
commodities. Some producers and commercial facilities have been using alternative
grain storage systems. Grain bag storage was one of the systems adopted to meet the
increased demand for flexible storage capacity. These systems have been used for over
two decades in other world regions, and managers in the U.S. could consider it as a viable
strategy once they have the information needed to evaluate their risks.
Grain bags have been used to increase storage capacity during bumper crops, for
emergency storage, or to reduce the time spent waiting at elevators during peak times.
Some may use it to segregate selected crops from their primary value stream or to
preserve the identity of their product. Grain bag storage has reached a level of
acceptance such that local cooperatives have offered the service to members (Aurora
1

Cooperative, 2011). Yet others describe the system as having risk in dollars and returns in
pennies (Bratrud, 2010). Many producers and grain managers will likely have to decide
if or how grains bags fit into their operational or marketing schemes.
Insight could be gained through consideration of the economic factors involved in
the adoption of grain bags as compared to traditional grain storage. The costs associated
with each system were compared. Edwards (2011) developed a grain storage investment
comparison tool; this spreadsheet was modified to reflect grain bag storage systems.
Several model parameters were adopted from a model developed by Young (2009) as
inputs. Many of the variable costs inputs were calculated or estimated from producer or
operator input. Storage capacity was scaled to 10,000 bu for the both storage systems in
the model. A standard 2.7 m by 61 m (9 ft by 200 ft) grain bag typically holds 10,000 bu
of grain and a standard traditional bin can be sized accordingly. The bin was assumed to
be operated at full grain capacity. Turnkey construction of the bin was estimated to cost
$30,000 (Hollis, 2008). The price for additional equipment including roof vents, heater,
fan, liquid propane tank, and unloading auger was estimated at $5,000. Grain loading
was assumed to be tractor driven. Anderson and Noyes (2008) contributed to other
estimates such as labor and shrinkage costs. The bin construction was amortized over 20
years at a 6% interest rate, straight line depreciation with no salvage value applied.

2

Calculator

Storage Type

Traditional
Bin

Capacity (bushels)
Initial investment (total $)
bin, site preparation, wiring, construction
additional augers, fans, conveyers, etc.
Useful life for bin (years)
Finance Period
Interest rate for financing initial investment (%)

10,000 bu.

Grain
Bag

10,000 bu.

$
$

30,000 $
5,000 $
20 years
20 years
6.00%

19,500
30,750
10 years
6 years
4.75%

Shrink factor (%)
Extra handling cost ($ per bu.)
$
Extra transportation cost ($ per bu.)
$
Quality loss for on-farm storage (%)
Add'l hours per month spent managing & handling grain
Labor value ($ per hour)
$

2.00%
0.100 $
0.060 $
1.0%
22.0
10.00 $

2.00%
0.015
1.0%
15.0
10.00

Repairs and Maintaince
Insurance
Fumigants
Pesticides
Grain Bags

$
$
$
$
$

300 $
2,400 $
2,250 $
3,075 $
- $

75
1,500
600

Expected cash selling price of grain ($ per bu.)
Average length of storage (months)

$

6.00 $
6 months

6.00
3 months

Figure 1.1

Initial investment (total $)
grain bagging equipment & sealer
grain bag unloading equipment

Screen capture of economic model parameters

The grain bag equipment was priced at $19,686 for the loader and $30,879 for the
extractor (Harrell, 2010). Equipment was financed for six years at 5%; 10 year straight
line deprecation with zero salvage value applied. Grain bags were priced at $600 each
and were sealed with a $500 bag sealer. A 70 hp tractor was used to operate the loader
and unloader. Since this tractor was used in both systems, the purchase price can be
eliminated as part of the analysis. Corn was priced at $6.00 per bushel and a 2%
shrinkage factor was applied to cover general losses. The costs associated with drying
were not included in. Grain from the field or from a bag will both need to be dried either
on-farm or at the elevator. Terms for both labor costs and for in-storage quality loss were
incorporated into the model. All calculations were performed at present value; no
opportunity costs were included. Additional management and logistical terms were
added. Grain bin wash down and pesticides were included as a variable cost.
3

The economic analysis resulted in a savings of $0.20 per bushel of corn using the
grain bag system at just 10,000 bu. This cost difference can be considered as the amount
of discounts that a buyer can apply to grain which has been stored in a grain bag system
before the price advantage is negated. The cost difference can also be evaluated as the
amount of allowable quality loss during storage: losses, spillage, splits, microbiological
contamination, insect infestation or other reasons that grain placed in storage would not
be included in a producer’s profit. The initial model assumed 2% shrinkage and 1% bin
quality loss. Keeping shrinkage constant, the bags would need to approach 4.5% storage
loss before profitability was lost.
The grain bag systems’ strength lies in minimizing variable costs, and rapidly
reducing capital costs with storage capacity. Variable costs were reduced as a result of
freshly harvested grain containing little to no storage insects, and in grain bags there was
no place for harboring a residual infestation from previous years (Caddick, 2006).
Storage pesticide use and the associated costs could be drastically reduced.
Transportation costs can also be reduced in the grain is stored in-field. Traditional
storage capital costs were lower or equal to grain bag capital costs at storage capacities
less than 20,000 bu. As capacity increased, capital costs reduced in both systems, but
traditional storage systems level out very quickly while grain bag unit costs continued to
decrease. Producers with variable annual acreage may benefit from the flexibility of the
grain bag system. A producer wishing to store only a small portion (< 15,000 bu) of their
harvest for later marketing may benefit from a traditional grain storage system.
Logistically, the grain bin and grain bag systems were similar. Harvested grains
were transported within the field using a grain wagon. Trucks were later used to
transport stored grains to market. The key differences lie in the actual application of the
4

storage method and its results. Further research must be conducted to better understand
the grain bag system and its associated risks. The grain bag environment must be
described and the effects of grain bag environment on grain quality must be established.
Objectives
The major objectives of this study were i.) to develop a system and method to
monitor the grain bag internal environment, ii.) to evaluate effects of the grain bag
environment on dried grains at safe storage moisture content, and iii.) to evaluate effects
of the grain bag environment on freshly harvested grains.
Dissertation Organization
This dissertation is organized in paper format and is comprised of three distinct
manuscripts. Each manuscript completes one of the above stated major objectives of this
research. The first manuscript details the development and evaluation of a system and
method to monitor the in-situ internal environment of a grain bag. The second
manuscript describes an experiment in which the instrumentation was used to monitor the
environment of commercially conditioned corn and soybeans. The effects of the grain
bag environment on grain quality were evaluated. The final manuscript focuses on
monitoring the environment and quality of harvest condition corn stored in grain bags in
the field from which it was harvested. Each manuscript comprises one chapter and the
references cited in each manuscript are included at the conclusion of each chapter. The
last chapter is a summary of all conclusions reached as result of this research endeavor.
Definitions
In the course of this work grain at two stages were stored. The terms
“commercially condition” and “harvest condition” were used to describe their states.
5

Commercial condition was meant to describe grains which are in a condition common to
commercial sale. They have been dried and blended to meet specific storability and
quality benchmarks. Commercial condition was not meant to indicate that additional
cleaning and conditioning has occurred. Harvest condition grain was straight from the
combine and placed directly in storage.
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CHAPTER II
A SYSTEM AND TEMPORAL SAMPLING FREQUENCY TO ASSESS
THE INTERNAL ENVIRONMENT OF GRAIN BAGS
Introduction
Grain temperature (T) and moisture content (MC) have consistently been shown
to be primary factors for maintaining grain quality during storage (ASABE, 2010;
Converse et al., 1973; Saul, 1967). These two factors directly influenced the allowable
storage time and condition of the grain after storage (Navarro et al., 2002). Once grain
goes out of condition rapid fungal growth, heating, dry matter loss and kernel damage
occurs. The T and MC of stored grain should be monitored regularly to maintain the
highest possible quality. Manual determination of bulk grain MC through sample
collection is labor intensive and time consuming. However, direct T and relative
humidity (RH) measurement of a grain mass can provided a estimation of the potential
for grain quality degradation and potential allowable storage time (Loewer et al., 1994).
T and RH sensors can be placed inside a grain mass for continuous monitoring
and calculation of the grain equilibrium moisture content (EMC). Grain is hygroscopic
and has been shown to release or take on moisture depending on the environment to
which it is exposed (Henderson et al., 1997). The grain interstitial environment
equilibrium relative humidity (ERH) is based on the grain T and MC. EMC and ERH
have been calculated using standard relationships for specific commodities (ASABE,
2007). Chen (2001) determined that calculated ERH from sensor inputs was within 1%
8

of ERH when RH values were below 85%. The measurements from commercial RH
sensors were found to maintain a linear relationship with corn MC when the sensor was
buried in a stagnant grain mass (Bunn et al., 1990). Uddin et al. (2006) examined the use
of commercial temperature and RH sensors to predict the moisture content of grain using
the EMC/ERH relationships from ASABE. Results indicated that effects of sensor error
in this calculation were significant and can lead to predictive calculations of grain
moisture content to be errant. RH measurement was found to be the largest source of
error.
Environmental conditions within traditional grain storage structures have been
monitored with temperature cables. Temperature cables, typically a small diameter steel
cable with thermocouples attached at regular intervals and sealed within a protective
sheath, were attached to the roof superstructure of the grain bin and their outputs
collected in a central location for monitoring (Elder, 1971). RH sensors can be attached
to similar data collection systems (BinManager, C2Ag, Blue Springs, Mo.). The problem
remained in deciding where to place the sensors to describe conditions within the bin and
balancing the value of the data to the cost of collection. Cables were installed prior to
loading grain into storage bins remained in the place bins as bins were unloaded. Data
collection within grain bags presents a different set of challenges. There is no structure on
which to attach sensors. Sensors must be placed after filling bags, and must be removed
prior to unloading. There were no repeatable reference points for the placement of
sensors other than distance from the bag surface and distance from the end of the bag.
Barbosa (2008) reported the results of monitoring a producer's grain bag.
Temperature was monitored at three locations along the bag at two depths from the bag
surface - a total of six sensors. A single RH sensor was placed in the bag. Grain
9

temperature did not appear to correlate with ambient temperature. The RH within the bag
did have a strong correlation with ambient temperature and indicated the exchange of
water vapor between the grain and the interstitial air spaces. The researcher concluded
that the potential for condensation within the bag did exist. Barbosa (2009) later
monitored the condition of corn stored in two grain bags in two different parishes in
Louisiana. Five combined temperature and RH sensors were introduced into each bag at
different locations along the length of the bag. The depth of their placement into the bag
was not recorded. Ambient temperature and RH outside the bag was also monitored.
The results again indicated no correlation between grain temperature and ambient
temperature. Grain sample MC and grain grade was not reported. The researcher
calculated EMC for the corn using mean position temperature and RH. Initial grain EMC
was 16.7% MCdb and 14.7% MCdb for bags one and two, respectively. By the
conclusion of the study each bag had increased in EMC by one to two percentage points.
This study did indicate that portable instrumentation could be used to describe the grain
bag environment.
An extensive study of grain bag storage systems under Australian conditions was
undertaken by Darby and Caddick (2007). The researchers monitored the temperature
and RH of a number of grain commodities under a range of conditions. A strong
response of grain temperature and RH to ambient conditions was noted in grain nearest
the bag surface. This peripheral layer is common to all types of grain storage; however it
is especially important to grain bags due to the high ratio of grain exposed to daily
temperature changes. Temperature and RH sensors were placed within a grain mass at a
series of locations and depths. As in previous studies, the individual sensors were not
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placed in an orientation that would allow a true cross-sectional profile of temperature or
RH within the bags to be documented.
Researchers have been examining grain bags as an alternative grain storage
system, but a consistent set of methods to monitor the internal environment of a grain bag
have yet to be developed.
Objectives
The objectives of this study were to i.) design and fabricate a sensor system to
measure the internal environment of a grain bag, ii.) to apply this sensor system under
field conditions, and iii.) to determine the sampling frequency required to describe the
grain bag internal environment.
Materials and Methods
This effort was a precursor of a study to measure the effects of grain bag internal
environment on stored grain quality, focusing on corn (Zea mays) and soybeans (Glycine
max). The experimental design called for temperature and RH to be monitored at regular
intervals along both the vertical and horizontal axis at the center cross-section of a grain
bag. The measured internal environmental parameters were to be compared with external
ambient factors. The experiment was to be replicated with four separate experimental
scale grain bags for each commodity, therefore eight sets of instrumentation were
developed.
Instrumentation Development
Linear sensor arrays consisting of thermocouples and RH sensors attached to food
grade high-density polyethylene (HDPE) C-channel were constructed. The arrays were
constructed from 8 ft lengths of C-channel with sensors placed at30.48 cm (12 in)
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intervals, starting 15.24 cm (6 in) from the end of the section. Thermocouples were
fabricated using high precision type T thermocouple wire (Omega Engineering, Inc.,
Samford, Conn.). The measurement junction was soldered together. Thermocouples
were attached to 0.635 cm (0.25 in) thick by 2.54 cm (1.0 in) diameter aluminum disks
using five-minute hardening, two-part epoxy (Epoxy Heavy Duty, Loctite, Westlake,
Ohio) (fig. 2.1). The thermocouples were placed in direct contact with the aluminum
disks. Holes were drilled into the HDPE C-channel to receive the temperature sensors.
The holes were drilled in two stages so that the disks rested on a shoulder and the wires
passed through the web and into the interior of the C-channel. The disks were press-fit,
flush to the exterior web of the C-channel. Epoxy was applied to completely fill the open
hole in interior of the channel. This epoxy also served to completely shield and insulate
the thermocouple and the back side of the aluminum disk.

Three RH sensors

(HM1500LF, Humirel, Chandler, Ariz.) were attached at each end of the channel and at
the grain mass center. Each RH sensor corresponded to a temperature sensor location
(fig. 2.2). All wires were collected into the internal cavity of the C-channel and directed
to the data loggers. The sensors for each grain bag were wired into a single data logger
(CR1000, Campbell Scientific, Logan, Utah) coupled with a multiplexer (AM16/32,
Campbell Scientific, Logan, Utah) to connect all thermocouples to the data logger. The
RH sensors were directly connected to the data logger. Power for each data logger was
supplied by a rechargeable sealed lead-acid battery. Data loggers were set to record
measurements on a one minute interval.
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Figure 2.1

Cross section of a linear sensor array at a thermocouple location.

Figure 2.2

(L) Detail of T and RH sensing location,(R) leading point of a linear sensor
array

Prior to construction of the linear sensor arrays, the response times of four
individual thermocouples were measured. Two thermocouples were coated with Plasti
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Dip (Plasti Dip International, St. Louis Park, Minn.) and two were epoxied to aluminum
discs. Two water baths were used with a temperature difference of approximately 5 °C.
The step change was replicated four times. A time constant and the settling time required
to reach 99% of the set point temperature was calculated for each thermocouple.
System Calibration
The array systems were calibrated in environmental chambers at the USDA-ARSPoultry Research Laboratory in Starkville, MS. Temperature sensors were calibrated
against a NIST traceable thermometer between the range of 10 and 30 °C. The RH
sensors were compared against chamber sensors to verify the factory calibration. RH
sensors were confirmed between 65 and 95% RH. The RH sensors can be temperature
compensated. Univarate linear calibration functions were transformed to inverse
calibrations as recommended by NIST (2011). This method reduces systematic errors in
the measurement system (Centner et al., 1998). The thermocouple calibration equations
were tested for significance using PROC GLM in SAS (SAS, 2004). The significance of
the compensation function was also tested using PROC GLM. Both were tested at a
significance level of 0.05.
The sources of error in measuring temperature and RH with this system were
identified and quantified using equations published the manufacturer (Campbell
Scientific, 2010). Special limits of error type T thermocouples have a published accuracy
of ± 0.5 °C (NIST, 2005). Typical error for this RH sensor was ± 3% at RH less than
90% and increased to nearly 5% error as RH approached saturation (Humirel, 2005).
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Instrumentation Installation
Field testing was conducted at the Mississippi State University Bearden Dairy
Research Center near Sessums, Miss. The site was located on a grass hay field near a
fence line. Dried and blended new crop corn was purchased from a local grain elevator at
14.3% wet-basis moisture content (MCwb) in mid October 2010. A 2.74 m (9 ft) grain
bagger (Carlos Mainero y Cia. S.A.I.C.F.I, Bell Ville, Córdoba, Argentina) was used to
fill four grain bags with 600-650 bu of corn. (fig. 2.3). The corn was held for 20 weeks.
The resulting grain bags were 7.6 m (25 ft) in length, 3.7 m (12 ft) wide at the base, and
1.4 m (4.5 ft) tall.

Figure 2.3

Filling an experimental scale grain bag with 600-650 bu of corn in a grass
hay field

The linear sensor arrays were installed into the grain bags (fig. 2.4). The vertical
and horizontal midpoints of each grain bag were located and heavy-duty duct tape was
placed in a square around the location to prevent rupturing. A small slit was cut in the
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polyethylene plastic and each array was manually pushed into the grain from the side and
the top of the bag. The insertion point was patched with duct tape and an oversized piece
of grain bag material was placed over the insertion point and sealed with tape to the grain
bag. The instrumentation was originally designed for a smaller 1.83 (6 ft) diameter grain
bag, but only the larger diameter bagger was available. The 2.44 m (8 ft) linear sensor
array did not completely reach across the horizontal dimension of the filled grain bag.
The vertical sensor array was trimmed to fit within the bag dimension. Three of the eight
temperature sensors were removed and the locations of the RH sensors were shifted.
Sensors were numbered starting with the leading edge of the array that was
pushed into the grain. Temperature sensors on the vertical axis were designated V1-V5
and horizontal temperature sensors were labeled H1-H8. RH sensors on the vertical axis
were designated RH V1, RH V3, and RH V5. A similar scheme was used on horizontal
RH sensors. A weather station (Hobo U30/NRC, Onset Computer, Pocasset, MA) was
placed at the site to measure ambient temperature, RH, solar radiation, rainfall, wind
speed, and wind direction. The weather station collected data every one minute.
Temperature and RH data were downloaded once a week. Calibration transforms were
applied and temperature and RH profiles within the bags were developed.
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Figure 2.4

Temperature and RH measurement locations within each grain bag.

Equilibrium Moisture Content Calculation
The Modified Henderson Equation was used to estimate corn grain EMC at
selected locations:
(Eq. 2.1)

where
EMC = dry-basis equilibrium moisture content
RH= relative humidity of interstitial of air (decimal)
T = grain temperature (°C)
A = 6.612E-5
B = 1.9677
C = 1.88

Constants A, B, and C were selected for shelled corn from ASABE Standard D245.6
(2007). This regression has a standard error or residuals of 1.88 and a mean error of
2.87% (Chen and Morey, 1989). Uddin et al., developed a series of equations to describe
the error in calculating EMC from specific sensors (2006):
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(Eq. 2.2)

(Eq. 2.3)

(Eq. 2.3)
The variables ΔT and ΔRH are the measurement accuracy of the temperature and RH
inputs, respectively. These equations were used to determine the error in predicting grain
moisture content using sensor measurements.
Fourier Analysis
A series of Fast Fourier Transforms (FFT) were conducted on data collected every
minute to determine the minimum temporal collection frequency needed to describe the
internal environment of a grain storage bag. The FFT analysis was performed using a
program based on Moler (2004) using MATLAB (R2011a, The MathWorks, Natick,
Mass. The program utilized the built in FFT function in Matlab.
Fourier transforms were designed to be applied to sinusoidal waveforms with
specific properties. For best results, input waveforms should have a mean value of zero;
therefore, input data were de-trended. For every temperature data point, a trend line
value was calculated. The trend value was subtracted from the raw data resulting in the
de-trended temperature data. Computational efficiency and data resolution are increased
if an FFT is performed on time-series data with the number of data points equal to a
power of two (0, 2, 4, …, 512, 1024, 2048,…). Data can be truncated or zero-padded to
18

meet the desired number of data points. De-trended and zero-padded data were then
subjected to FFT analysis and a periodogram of the resulting data were developed. A
periodogram is a graphical tool to measure spectral density and determine cyclic
structures in the frequency domain (NIST/SEMATECH, 2011). This tool was used to
determine how many cyclic components are present, if there was a dominant component,
and at what period or frequency the dominant component was located. Once a dominant
component was found Nyquist (1928) sampling theorem was applied to identify the
temporal collection frequency needed to describe that component. Data should be
collected at least twice the frequency of the dominant component in the system. A strong
response near zero frequency (infinite period) indicates non-cyclic noise present in the
data (Bloomfield, 1976). The FFT analysis was conducted on ambient temperature, solar
radiation, and on temperature and RH data at selected positions within all grain bags. All
FFT analyses were conducted on data collected from the same 20-day representative
period.
Results and Discussion
Instrumentation Development
There were measurable differences among the lag times calculated for
thermocouples dipped in sealant or attached to aluminum disks (table 2.1). The mean
99% lag time for sealed thermocouples was 4.1 s and was 12.1 s for disk thermocouples.
The response time nearly tripled by adding the aluminum disks. Of note is the difference
between thermocouples three and four, both attached to disks. Thermocouple three was
fabricated early in development of the sensor system, and a repeatable method of
ensuring strong contact between the thermocouple and disk had not been developed.
19

Thermocouple four was fabricated after this method had been developed. Therefore
thermocouple three represents a worst case determination of response time. The disk
thermocouple response times indicate that there should be no interference from the
sensors while using a one minute or even 30 sec measurement interval.
Table 2.1

Experimental thermocouple settling times.

Rep
1
2
3
4
Individual Mean
Individiual SD
Treatment Mean
Treatment SD

99% Settling Time (s)
Plasti Dip Aluminum Disk
1
2
3
4
3
3
14
10
4
4.5
14.5
11
4.5 4.5
14
10
4.5 4.5
13.5
9.5
4
4.1
14
10.1
0.7 0.8
0.4
0.6
4.1
12.1
0.7
2.1

Sensor calibrations conducted in the environmental chambers indicated that the
thermocouple response was highly linear. The slope and offset of the inverse calibration
equations were both found to be significant, therefore a complete calibration was applied
to the thermocouples. Table 2.2 displays inverse calibration parameters for bag 1, other
bags had similar results. Factory calibrations were applied to the RH sensors. The
temperature compensation linear equation was found to be significant for RH sensors,
therefore all data were compensated.
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Table 2.2

Corn Bag 1 thermocouple calibration parameters.
Thermocouple
V1
V2
V3
V4
V5
H1
H2
H3
H4
H5
H6
H7
H8

R2
0.999
0.999
0.998
0.998
0.998
0.999
0.999
0.999
0.999
0.999
0.998
0.998
0.998

Slope
1.05
1.06
1.04
1.03
1.02
1.07
1.10
1.06
1.05
1.05
1.04
1.02
1.02

Intercept
-0.97
-0.99
-0.76
-0.56
-0.31
-1.19
-1.66
-1.03
-0.95
-0.93
-0.75
-0.48
-0.43

Table 2.3 describes sources of error in the measurement of temperature with this
system. The highest temperature read inside a grain bag during the study was
approximately 30 °C. Therefore a worst case scenario would be the unlikely case of a 30
°C temperature difference between reference junction and measurement junction.
Thermocouples were read with a range of ± 2.5 mV and a resolution of 33 µV between 45 to 70 °C. The greatest sources of error in measuring temperature were the
thermocouple and the reference temperature measurement error. The additive error was
0.9 °C and the root-mean-squared (RMS) error was 0.6 °C. RH was measured with a
range ± 5000 mV and a resolution 1333 µV. The RH measurement error was ± 0.1 % RH
and the sensor error was ± 3 % RH. The RH error whether absolute or RMS was 3.1 %.
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Table 2.3

Thermocouple error sources
Source
Error (± °C)
measurement
0.064
thermocouple
0.5
reference
0.3
noise
0.005
polynomial
0.001
polynomial
0.001

Temperature and Relative Humidity Measurement
The field testing began after the instrumentation had been fabricated, tested, and
calibrated. The linear sensor arrays were easily installed through the bags into the grain.
Insertion points maintained integrity due to the additional tape reinforcement applied at
those areas to prevent uncontrolled tearing. Great care was taken to seal over the sensor
insertion points. High strength duct tape was used to seal the insertion point and an
additional square of grain bag material was placed over the insertion point and cables. At
the completion of the study there were minimal quality deterioration issues at those
locations. Data collected by the sensor arrays indicated that close to the edge of the bag
surface there was a peripheral layer of grain that strongly followed ambient conditions.
These results were similar to those seen in the Australian study (Darby and Caddick,
2007) and would be expected in traditional steel storage structures. Figure 2.5 is a
representative chart of temperature at selected positions within a grain bag and ambient
temperature. Position V5 is at the top center of the grain bag, position H8 is at the
horizontal edge of the bag, and position V3 is at the grain center. Figure 2.6 is a chart of
RH at the same locations within a grain bag. The time period selected for these figures
was the first few days of the study. The ambient temperature was lower than the
temperature of the grain when it was delivered. Grain near the bag surface reflected
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ambient conditions, but grain at the center of the grain mass was still cooling as indicated
by the decreasing trend in temperature at position V3.

Note that for both temperature

and RH only the location at the top center of the grain bag responded strongly to diurnal
temperature fluctuations. Other locations had a damped or no response. All ambient
grain temperature and interstitial RH data were collected at one minute intervals. For a
given 24-hour period, 1440 data points were collected for each ambient measurement and
position within the bags. A lower data collection rate could provide similar detail with
decreased number of data points.
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Figure 2.5

Representative temperature profile from selected positions within bag 1 and
ambient temperature.
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Figure 2.6

Representative relative humidity profile from selected positions within
bag 1

Equilibrium Moisture Content Error Measurement
Errors in calculating equilibrium moisture content with the modified Henderson
equation have been quantified using equations 2, 2a, and 2b. The ΔT and ΔRH terms
were calculated above in the error budgets. These errors represented a worst case
scenario and should identify the maximum error in EMC estimation using this particular
system. The RMS errors were used for both temperature and RH. Figure 2.7 is a chart of
errors calculated across a range of air RH (5-95%) at fixed temperatures (20, 30, 40°C).
At the upper and lower limits of the RH range there was an increase in error. The
greatest error response was at ≥ 90 % RH. Measurement errors often increase in RH
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sensors as they approach saturation. EMC calculated with RH ≥ 90% can be suspect be
grain will deteriorate in quality before equilibrium is reached. Between 20 and 80 % RH
at 30 °C, the maximum error was 1.43% MCwb. These errors were higher than some
those reported by Uddin et al. (2006). The increased error is likely caused by
intentionally choosing worst-case error inputs. The mean error of the EMC relationship
was published as 2.87 % (ASABE, 2007),. The error introduced by the sensors was less
than the error of the relationship. There can also be differences in EMC among varieties.
The error introduced by the sensors is less than the difference caused by variety.

Figure 2.7

Error in EMC calculation

Fourier Analysis
Fast Fourier Transform analyses allowed a dominant frequency to be identified.
Previous studies had no stated reason for their selected measurement rate other than
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estimates or cultural practice. Ambient temperature and solar radiation were analyzed
first. These inputs were chosen to ensure that this method was stable even under noisy
inputs with the fastest response times (fig. 2.8). Had there not been dominant cyclic
structures in the data and only a response at a near zero frequency, then an exponential
function would have been fitted to the data. This function would then be used to
determine a dominant structure by identifying the frequency that corresponds to twice the
time constant of the exponential function. Figure 2.9 illustrates periodograms of ambient
temperature and solar radiation, respectively. Representative periodograms of
temperature and RH were developed for bags one and two (fig. 2.10). The periodograms
were formatted as line drawings, suggesting that the data were continuous, however the
data are discrete but given the number of points a discrete representation would not have
been clear. There was a strong dominant cyclic structure and some secondary structures.
In this case since the data were not strictly sinusoidal, there was a fundamental frequency
and harmonic frequencies at multiples of that frequency. The peaks at very low
frequencies were additive among a harmonic frequency and the non-cyclic components
of the data. Data measured at position V5 were the fastest responding of all internal
positions. Therefore, the dominant frequency at this location should be capable of
describing all other internal locations. Table 2.4 presents the fundamental periods for
FFT analyses performed on ambient measurements and at position V5. The mean
fundamental period was 21.9 hours (0.05 cycles/hr). As expected for a diurnal cycle, the
return period is approximately 24 hours. Applying the Nyquist sampling theorem to the
mean fundamental period results in a minimum sampling period of 11 hours (0.09
cycles/hr). In practice, any sample period smaller than 10 hours should be able to
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describe both the internal and external environmental parameters of grain stored in a
grain bag.

x
Figure 2.8

Ambient temperature data de-trended prior to FFT analysis.
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Figure 2.9

Periodograms of (a) ambient temperature and (b) solar radiation
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Table 2.4

FFT fundamental periods for multiple data types.

Location
Ambient
Ambient
Bag 1 V5
Bag 2 V5
Bag 3 V5
Bag 4 V5
Bag 1 V5
Bag 2 V5
Bag 3 V5
Bag 4 V5
Type:

Period (hr)
Type
Fundamental Mean
SD
T
21.906
21.911 0.003
Rad
21.906
T
21.912
T
21.913
T
21.913
T
21.913
RH
21.912
RH
21.912
RH
21.912
RH
21.912
T - temperature
Rad - solar radiation
RH - relative humidity
[A]

Conclusions
An instrumentation system and method for monitoring the internal environment of
a grain bag was successfully developed. This system was capable of describing the grain
bag internal environment on a scale that was not previously available. These tools will
allow researchers to quantify how the internal environment of a grain bag responds to
external stimuli and how these responses can influence grain quality. This system can be
used to examine grain bags for varying crops both spatially and temporally. The linear
sensor arrays have a response time that allows for high frequency (30 s) monitoring of
grain bags if desired. The system RMS error for measuring temperature and RH were ±
0.6 °C and 3.1 % RH, respectively.
The system was field tested and recorded internal environmental parameters for
corn stored in grain bags. There was a defined peripheral layer that strongly responded to
external ambient conditions. Fourier analysis of the data indicated that a data collection
rate of less than 10 hours could be used to completely describe internal environmental
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conditions and ambient conditions. Collected temperature and RH could also be used to
describe the grain equilibrium moisture content. There were errors associated with both
the measurement and calculation of EMC. Errors caused by measurement error were less
than 2% for all temperatures between 20 and 80% RH.
Researchers, producers, and grain managers could use a similar system to monitor
grains stored using this alternative storage system. Grain heating could potentially be
detected and allow effective management decisions to be made quickly.
Future Work
Future work would examine the effects of grain bag storage on quality of stored
grains under a variety of conditions. Predicted grain moisture and condition could be
compared to samples collected from grain bags. There is currently no formal definition
of the grain peripheral layer. Examining grain spatially and temporally could create a
suitable definition for this region common to all grain storage types. The Fourier analysis
method developed to determine data collection rate could be used to determine at what
depth the cyclic structures of grain differ from ambient structures. Furthermore, mold
development rates could be used to compare the areas grain storage subject to likely
quality degradation. Fourier analysis could also be conducted on other quantities such as
vapor pressures and dew-point temperatures to ensure that similar patterns emerge.
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CHAPTER III
INTERNAL ENVIRONMENT AND QUALITY OF DRIED CORN AND SOYBEANS
STORED IN GRAIN BAGS
Introduction
Grain bag storage systems have been used by producers to temporarily store their
grain harvest. This alternative grain storage system has been common in South America
and Australia for a number of years, and is spreading in the United States as a viable
storage system (Darby and Caddick, 2007). Traditional grain storage systems have been
well researched and are well understood in the literature. Little research, especially in the
United States, has been conducted into the performance of grain bags. A grain bag is
fundamentally a different storage method than a grain bin. Grain temperature, moisture
content (MC) and air relative humidity (RH), the key factors in grain storage quality, are
being managed to ensure that the grain is protected. A grain bag uses a hermetic
environment to prevent grain from having enough oxygen present to degrade. The bags
are constructed of three-ply polyethylene which has been stabilized for outdoor use and
has low oxygen and water vapor permeability. Theoretically, as long as the bag envelope
remains intact grain quality is protected (Darby, 2008). In practice, maintaining a strong
hermetic seal can be difficult. Grain MC can only be controlled by filling the bag with
the appropriate moisture content and not and temperature control cannot occur within the
bag. Further investigation into the environment inside a grain bag and its effects on
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stored grain must be conducted in order to create a clear picture of exactly what is going
on inside the bag.
Barbosa (2008) reported the results of monitoring a single grain bag.
Temperature was monitored at three locations and at two depths from the bag surface. A
single RH sensor was placed in the bag. Little correlation between grain bag internal
temperature and the ambient air temperature was noted. The RH within the bag did show
a correlation with ambient temperature. There appeared to be the potential for
condensation within the bag. Barbosa (2009) monitored the condition of corn stored in
grain bags at two locations in Louisiana. Five combined temperature and RH sensors
were introduced into each bag at different locations along the length of the bag. The
sensors were pushed into the bag with a string to help retrieval, but the depth of their
placement into the bag was not recorded. Ambient temperature and RH outside the bag
was monitored. The results again indicate little temperature change within the bag, even
when comparing night and day temperatures. The researcher calculated the equilibrium
moisture content (EMC) for the corn using measured temperature and RH. Initial grain
EMC was 16.7% MCdb and 14.7% MCdb. These values were not compared to grab
samples collected from within the bags.
Darby and Caddick (2007) tested grain bag and bunk storage systems under
Australian conditions. Temperature sensors were placed at selected locations and at three
different depths within the grain mass. This work identified that, as in other grain storage
systems, there is an outer peripheral grain layer that tracked with ambient conditions and
that the center of the grain mass remained largely unaffected by daily fluctuations.
Costa et al. (2010) examined the effects of T and MC on bag-stored grain. Corn
at 14.5% and 18.0% wet-basis MC was stored in small bags constructed out of the same
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material as commercial grain bags. The small bags were placed in environmental
chambers at fixed temperatures of 25, 30, and 35 °C. Analyses included grain moisture
content and quality. Samples were analyzed at 30 d periods up to 180 d. The results
indicated that the lower MC corn was stored for 180 d with no decrease in quality for all
temperatures. Higher MC corn was stored at 25 or 30 °C for 180 d without significant
decrease in quality. At 35 °C corn at 18.0% MC did degrade. As expected from
allowable storage time (AST) calculations, high MC corn at high T did degrade.
Soybeans at 13.3% and 17.4% wet-basis MC were stored in full size commercial
grain bags (Faroni et al., 2009). Samples were collected at 30, 60, and 90 days and
analyzed for MC, electrical conductivity, germination, crude oil free fatty acid, and
peroxide index. Samples were collected at three locations along the bags: 10 m from
each end of the bag, and at the middle. At each sampling point, samples were collected
from the top, middle, and bottom. It is not specifically stated if these samples were
mixed to form a composite sample or if they were analyzed individually. Presented
results seem to indicate a composite analysis. According to the results, MC did not
change throughout the study and the crude oil properties remained within acceptable
limits for sale. The electrical conductivity increased and the germination decreased.
Currently grain in grain bags cannot be dried while in storage. Patent applications
for systems to dry grain in bags have been submitted (Burke et al., 2009). Corn stored at
greater than 18% MC are particularly susceptible to contamination and spoilage; it is
generally accepted that grains stored in airtight bags at this level will begin to ensile
(Proctor, 1994). Bern (2002) published updated equations to predict dry matter loss
(DML) at specified temperature and MC ranges, for non-aerated conditions. The loss of
at least one US quality grade was originally correlated to 0.5% DML due to carbon
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dioxide evolution (Steele et al., 1967). Wilcke (2001) conducted storability analyses on
unconditioned corn at 23.5% MCwb at a fixed temperature of 20°C. It was determined
that 0.5% DML occurred within 250 hours of storage.
A computational study was carried out in order to verify oxygen penetration depth
around holes in grain bags and the resulting deterioration risk in a corn grain mass
(Santos et al., 2007). As a worst case scenario, a 10-cm length of bag damage was shown
to allow oxygen to penetrate 20 cm in depth, or twice the damage length. At larger
damage lengths, the oxygen penetration depth was approximately equal to damage
length. It was also determined that infiltrated oxygen was quickly consumed and the vast
majority of the grain mass was maintained in anaerobic conditions, preserving storage
quality.
An analysis of more than 70 traditional and alternative soybean storage structures
was undertaken by Holman and Carter (1952). Thermocouples were placed in the grain
mass and samples were collected for MC measurement. The researchers determined that
the kind of construction materials used and their thermal conductivity, reflectivity, or
color had no significant impact on the grain environment within the storage structures.
The researchers also noted that grain moisture migrations do not affect large areas unless
the MC was already high and above safe storage levels. Moisture was also shown to
move slower in small storage systems compared to large systems. A subsequent 2-yr
study indicated that emergency bins could be fabricated from cross-laminated
polyethylene, similar to grain bag material (Muir et al., 1980). The two main problems
with polyethylene structures were punctures by mice, damage to the bottom of the
structure, and wind damage to the roof. Grain deterioration resulting from the growth of
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postharvest fungi was limited to the small volumes of moistened grain near punctures or
at the periphery.
The literature revealed that under proper conditions and management grain bags
can be used to store grain. Some work has been done to describe the internal
environment, but there has been little repeatability or statistical analysis. As this grain
storage method continues to be used, further work must be done to understand the
dynamics of grain stored using this system and how to best implement it to ensure that
grain quality is protected.
Objectives
The objectives of this study were i.) to monitor the internal environment of
commercial condition corn and soybeans stored in grain bags and ii.) to assess the
influence of the environment on stored grain condition and quality.
Methods and Materials
Field Activity
Storage performance of two different commodities in grain bags was examined:
yellow dent corn (Zea mays) and yellow soybeans (Glycine max). Each commodity was
purchased from a local grain elevator and was delivered on the day it was stored in the
bags. Grain bags were manufactured by AT Films (Edmonton, Alberta, Canada) and
were purchased from a local agricultural equipment dealer. Research was performed at
the Mississippi State University Bearden Dairy Research Center near Sessums, Miss.
The site was a mowed grass hay field along a fence line. A gravel farm road and wooded
area were adjacent the fence. The bags were orientated nearly North-South. The site was
sloped 2-3% in the North-South direction and bags were filled down the slope. A 2.74 m
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(9 ft) grain bagger (Carlos Mainero y Cia. S.A.I.C.F.I, Bell Ville, Córdoba, Argentina)
was used to fill each grain bag with 600-650 bu of corn or soybeans (fig. 3.1). Four 7.6
m (25 ft) long bags of each commodity were established. After filling, bags were 3.7 m
(12 ft) wide at the base, and 1.4 m (4.5 ft) tall.

Figure 3.1

Filling a 7.6 m long experimental grain bag with corn

The corn and soybean components of the study were initiated at different times.
Corn grain bags were filled on October 14 - 15, 2011; instrumentation was installed and
data collection began the following day. Soybean grain bags were filled on January 7,
2011, data collection was initiated on the same day. The corn study lasted 20 weeks and
the soybean study lasted 16 weeks. Both commodities were unloaded at the same time
starting on May 9, 2011. Typically, a grain bag extractor is used to unload the bags (fig.
3.2). After multiple attempts, the extractor was not effective at removing either
commodity from the bags. The extractor did not have a pusher bar to help control the
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flow of grain into the auger and the bags may have degraded while in storage.
Ultimately, a grain vacuum system was used to unload the bags (fig. 3.3).

Figure 3.2

Unloading corn from bag 1 using a grain bag extractor
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Figure 3.3

Grain vacuum system unloading a grain bag into a truck

Instrumentation
An instrumentation system purpose built to monitor the interior environment of
grain bags has been developed and was discussed extensively in the previous chapter.
The system consists of linear sensors arrays of thermocouples (Omega Engineering, Inc.,
Samford, Conn.) and relative humidity sensors (HM1500LF, Humirel, Chandler, Ariz.)
spaced at intervals along a rigid frame. Thermocouples on the array were calibrated to a
NIST traceable thermometer in an environmental chamber at the USDA-ARS Poultry
Research Laboratory in Starkville, Miss. Factory calibrations of the relative humidity
sensors were similarly confirmed. Calibration equations were developed using PROC
GLM in SAS (SAS, 2004). Temperature sensors were 30.5 cm (12 in) apart. Relative
humidity sensors were placed at each end of an array and at the grain mass center.
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The arrays were inserted vertically and horizontally into the filled bags to create a
cross section over which to measure temperature and RH within the bag (fig. 3.4). The
vertical sensor nearest the bag edge is within 5.1 cm (2 in) of the bag and the horizontal
array sensor nearest the bag edge is within 15.2 cm (6 in) of the bag. Arrays were located
in the center section of the experimental grain bags, which had a consistent crosssectional are. After introducing the arrays, punctures were sealed and a second layer of
bag material was placed over each insertion point as additional weather protection (fig.
3.5). Data from the linear sensor arrays were recorded by a CR1000 (Campbell
Scientific, Logan, Utah) data logger. A weather station (Hobo U30/NRC, Onset
Computer, Pocasset, Mass.) was placed at the bag location to measure ambient
environmental factors including temperature, solar radiation, precipitation, wind speed,
and wind direction. Data from within the bag and the ambient conditions were originally
recorded at a one minute interval. Fourier analysis of the periodic data revealed that a
longer interval could still be used to accurately describe the system. Therefore, the one
minute data was resampled to a one hour interval for all later analyses.

Figure 3.4

Array and sensor locations for an experimental grain bag
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Figure 3.5

Instrumented experimental grain bag showing vertical and horizontal array
penetration points in the bag cross-section covered patches

Sample Collection
As each grain bag was being filled, samples were collected to identify initial grain
condition and quality A 3.0 m (10 ft), divided, brass grain probe (Item 230, Seedburo
Equipment Company, Des Plaines, Ill.) was used to collect discrete samples horizontally
across the bag profile approximately 45.7 cm (18 in) away from the sensor array (fig.
3.6). In both studies, samples were collected weekly from each grain bag for the first 12
weeks and then every other week until each study concluded. Samples collected at the
start of the study and those from the last week were sent to an accredited lab for grading.
All samples were collected between 10:00 AM and 2:00 PM local time.
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Figure 3.6

Collecting grain samples for moisture content and aflatoxin analysis
with a 3.0 m (10 ft) divided, brass grain probe

Divided sections of the grain probe were analyzed separately. Sections aligning
with sensor locations were selected for MC analysis using oven-drying methods
(ASABE, 2008). Composite samples for each bag were created and were analyzed in
duplicate for Aflatoxin content using a binary immunochromatographic assay (Reveal for
Aflatoxin, Neogen Corporation, Lansing, Mich.). The assay indicated the presence
Aflatoxin at concentrations greater than 20 parts per billion (PPB). Above this threshold,
the grain use is restricted to exclude human, dairy, and immature animal consumption;
thus value decreases.
Data Analysis
Data from the entire study period were used for descriptive calculations. For both
commodities, a two calendar week period of emphasis was chosen to undergo analysis in
greater detail. Both were at six weeks from study initiation. Data were analyzed as a
repeated measure in SAS (ver. 9.2, SAS Institute, Cary, N.C.) using PROC MIXED.
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Hour was the repeated measure and the subject was each grain bag with nested
measurement location. Covariance model selection was determined using corrected
Akaike information criterion (AICC) (Akaike, 1974). Least-square means were divided
into letter groupings at a 0.05 significance level using a macro (Saxton, 1998).
Temperature and RH are often the only environmental variables reported in the
literature, when other related psychrometric quantities may provide additional insight.
Potential quantities are the humidity ratio (H) and vapor pressure (Pv). H is the mass of
water per mass of dry air, typically in kg/kg or g/kg. This value can be considered the
actual dry-basis moisture content of the air. H could be used to assist in describing
conditions within a grain bag. Dew-point temperature (Td), H, and Pv were calculated
from established psychrometric relationships (ASABE, 2010). Temperature and RH
values were used to calculate the EMC using the Modified Henderson equation for corn
and the Modified Halsey equation for soybeans (ASABE, 2007).
Grain MC was analyzed using a similar repeated measured model, however, week
was the repeated measure. MC data were tested to determine if an arcsine transform
would improve normality.
Results and Discussion
Conditioned Corn Storage Study
Grain Bag Damage and Repair
Wildlife did damage the grain bag envelope. There were no major puncture
events in which grain spilled from the bags during the study period. Damage was either
bird or rodent related. Bird damage occurred primarily on the top center of the grain bags
(fig. 3.7). During grain unload, the cumulative effects of these bird holes were observed
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in local areas of grain degradation. Rodent damage also occurred, primarily on the loose
ends of the grain bag (fig. 3.8). Bag 1 received repeated damage to this location. Repairs
were regularly made with heavy-duty duct tape and commercial rodent repellents were
applied to prevent further damage. Repeated damage led to decreased grain quality at the
bag end.

Figure 3.7

(L) Typical bird damage, (R) Column of degraded grain
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Figure 3.8

(L) Rodent Damage, (R) Resulting degraded grain
Grain Temperature

Hourly corn grain temperature was analyzed for all locations in the bag cross
section for weeks 6 and 7 of the study. The first-order autoregressive covariance
structure was chosen because it improved AICC performance, was computationally more
efficient, could robustly handle missing values if needed, and was designed for data with
equal time spacing between observations. This same structure was used to analyze all
other instrumentation data. Binned grain temperature values followed a normal
distribution without transformation. The mean ambient temperature for this period was
lower than bag temperatures. Peripheral grain temperature was lower than grain center
temperature (fig. 3.9). Applying the repeated measures mixed effects model indicated
that bag, measurement location, and the interaction were all significant (table 3.1). The
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mean temperature for bag 4 was significantly higher that the means for all the other bags
(table 3.2). Least squares means differences were compared using effect slices. The
causes for the differences were found to be the temperature at location V2, between the
center and bottom of the grain bag, and at position H6, between the bag center and
Eastern bag boundary, in bag 4. These locations were temporarily excluded from the
analysis and the model then yielded that only measurement location was significant.
Grain temperature at the bag edge for both the vertical and horizontal boundary was the
same and was lower than the grain center (table 3.3). The peripheral depth was then
estimated as approximately 45.7 cm (18 in) in the vertical direction and approximately
30.5 cm (12 in) in the horizontal direction.

Figure 3.9

Corn grain temperature at selected locations (n =
Vertical standard error bars. Lines added to highlight trends.
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96).

Table 3.1

Corn repeated measures ANOVA for temperature
Effect
Bag
Position
Bag x Position

Table 3.2

Num DF
3
12
36

Den DF
30
30
30

F Value
3.18
42.63
2.39

Corn bag temperature means (n=13/bag)
Bag
Mean T (°C)[A] Group
1
16.0
B
2
16.0
B
3
16.2
B
4
17.2
A
Mean
16.4
SEM
0.2
[A] Means divided at SEM = 0.31

Table 3.3

Corn position temperature means (n=4)
Position Mean T (°C)[A] Group
H1
18.1157
BC
H2
17.238
CDE
H3
18.1468
BC
H4
18.2636
BC
H5
17.5936
BCD
H6
16.2011
DE
H7
14.1231
F
H8
8.7228
G
V1
20.1271
A
V2
19.9245
A
V3
18.91
AB
V4
15.8532
E
V5
9.482
G
[A] Means divided at SEM = 0.55

49

Pr > F
0.0381
<.0001
0.0083

Psychrometric and EMC Analysis
T and RH was recorded at the previously identified selected positions within the
grain bag. RH measurements in Bag 1 at the top center (V5) did not obey the T and RH
relationship and returned values of well over 100% for the majority of the study period.
This sensor location was excluded from further analysis.
At the beginning of the study it was hypothesized that since the bag was a closed
system then the H should be consistent throughout the bag. H should initially be
consistent within the bag. H and Pv was calculated and statistically analyzed at the
identified locations. The only significant term in the models was measurement location
with no difference among bags or interactions (table 3.4 and 3.6). Calculated humidity
ratios were lower at the bag boundaries than at the center or bottom of the bag (table 3.5).
Pv was also lower at the bag boundary, indicating that moisture would migrate to the bag
edge (table 3.7). During the corn study, temperature differences within the grain were at
the range in which convective currents were expected to develop (McKenzie and Van
Fossen, 1995).
Table 3.4

Corn repeated measure ANOVA for humidity ratio
Effect
Bag
Position
Bag x Position

Num DF
3
5
15

Den DF
80.5
80.5
80.5
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F Value
1.59
115.88
1.42

Pr > F
0.1988
<.0001
0.1602

Table 3.5

Corn position H means (n=4)
Position Mean H (g/kg)[A] Group
H1
9.2429
C
H5
8.9684
C
H8
4.8794
E
V1
10.764
A
V3
9.8945
B
V5
6.7496
D
[A] Means divided at SEM = 0.20

Table 3.6

Corn repeated measure ANOVA for Pv
Effect
Bag
Position
Bag x Position

Table 3.7

Num DF
3
5
15

Den DF
78.2
78.2
78.2

F Value
1.59
115.38
1.4

Pr > F
0.1982
<.0001
0.1676

Corn position Pv means (n=4)
Position Mean Pv (kPa)[A] Group
H1
1.5
C
H5
1.4
C
H8
0.8
E
V1
1.7
A
V3
1.6
B
V5
1.1
D
[A] Means divided at SEM = 0.032

Dew point temperatures were calculated for dual measurement locations. Bag and
the interaction between bag and position were not significant, only measurement location
showed differences (table 3.8). Dew points at the bag boundaries were lower than within
the bag center (table 3.9). Mean grain temperatures were higher than calculated dew
points for all locations during the study period. Ambient temperatures did spend
considerable time below the dew point temperature; therefore there was the possibility for
condensation at the inner bag surface (fig. 3.10).
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Table 3.8

Corn repeated measured ANOVA for Td
Effect
Bag
Position
Bag x Position

Table 3.9

Num DF
3
5
15

Den DF
42
42
42

F Value
1.3
78.85
0.98

Pr > F
0.2867
<.0001
0.4921

Corn position Td means (n=4)
Position Mean H (°C)[A] Group
H1
11.1155
BC
H5
10.7279
C
H8
3.0476
E
V1
13.0897
A
V3
12.0004
AB
V5
6.5275
D
[A] Means divided at SEM = 0.43
20
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Figure 3.10

Corn grain, dew point and ambient temperature (Bag 2 V5)
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Equilibrium moisture contents were also calculated at the selected locations for
the study period. Resulting values were compared using the defined repeated measured
mixed model. As with the soybeans, bag, position, and the interaction were significant.
Each bag had significantly different means, the position means did indicate a trend in
which the inner bag surfaces had higher equilibrium moisture contents than the grain
core. The instrumentation or analysis was not capable of generating results on which
inference could reliably be made.
Moisture Content Samples
Corn MC measured from grain probe samples were analyzed using the repeated
measured mixed models. The compared covariance structures were heterogeneous firstorder autoregressive (ARH(1)), compound symmetry (CS), and heterogeneous compound
symmetry (CSH). ARH(1) most improved AICC and was selected as the appropriate
covariance structure. Arcsine transformation did not improve normality or change
inference (fig. 3.12). Again, bag was significant while position and the interaction
between bag and position was not significant (table 3.10). The MC was same the across
the horizontal profile of the bags. The difference in bag means was only significant for
bag 1, the rest of the bags have the same mean MC. The MC did change over time, but
all trended together (fig. 3.11). This trend reinforces that external condition being
applied to all bags cause the differences over time. MC differences were expected given
the high condensation potential. The sampling scale may not have been fine enough the
capture the differences, or the differences may have been less pronounced in the
horizontal direction.

53

Table 3.10

Corn repeated measure ANOVA for moisture content
Effect
Num DF Den DF F Value Pr > F
Bag
3
45.1
17.09 <.0001
Position
7
45.1
0.67
0.6941
Bag x Position
21
45.1
0.39
0.9882

Figure 3.11

Corn mean moisture content (n = 8) and ambient temperature. Vertical
bars represent SEM.
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Figure 3.12

Histogram of all corn MC data
Aflatoxin Samples

Aflatoxin testing results were inconclusive. All bags indicated the presence of
Aflatoxin at a concentration greater that 20 ppb for at least one week of the study (table
3.11). No one bag tested positive for the entire study and the bags would change status
from week to week. There were no discernable patterns by either bag or week. The
results indicate that Aflatoxin was present in the bags, but the grain sample was not truly
representative or the results given by the tests did not describe the variability in the
system. When testing at such a fine resolution as 20 ppb, the possibility of cross
contamination cannot be ignored. All samples were the same for both duplicates except
for two sample results which were highlighted in the table.
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Table 3.11

Corn Aflatoxin analysis of composite samples
(+ indicates Aflatoxin concentration greater than 20 ppb)

Bag 1
Duplicate
Week A
B
Initial 1
2
3
4
5
6
7
8
+
+
10
12
14
16
18
20
-

Bag 2
Duplicate
A
B
+
+
+
-

Bag 3
Duplicate
A
B
+
+
+
+
+
+
+
-

Weekly Mean
Bag 4
Ambient T
Duplicate
(°C)
A
B
16.4
+
+
19.0
12.7
10.4
10.8
15.3
+
+
7.0
2.4
3.3
+
+
6.5
6.2
+
+
5.4
8.2
12.1
14.3
-

Bulk Grain Quality
Grain samples were graded for MC, total kernel damage (DKT), and heat damage
(HT) (table 3.12). Corn MC and grade remained consistent throughout the study.
Approximately 25% of the corn was docked $0.10 for sour odor when delivered to a local
elevator. There were areas of decreased grain quality, typically along the top peripheral
layer of the grain bag (fig. 3.13).
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Table 3.12

Corn grade prior to and after grain bag storage for 20 weeks

Bag
1
2
3
4
Mean
SD
Note:

Figure 3.13

MC
13.8
14.1
14.1
14.2
14.1
0.2

Initial Grade
DKT
1.8
2.0
1.5
1.5
1.7
0.2

HT
0.0
0.0
0.0
0.0
0.0
0.0

MC
14.2
14.4
14.2
14.3
14.3
0.1

Final Grade
DKT
1.3
1.9
1.3
1.6
1.5
0.3

HT
0.0
0.0
0.0
0.0
0.0
0.0

MC (wb, %), Total Kernel Damage (DKT, %), Heat Damage (HT, %),

Crust layer at upper bag periphery

Conditioned Soybean Storage Study
Grain Bag Damage and Repair
During the course of the study, some punctures of the bag envelope did occur (fig.
3.14). Bags were regularly inspected and were typically sealed as soon as damage was
noted. A well-drained base in an open area is typically recommended, but bags are often
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placed wherever space is available. Damage to the top of the bags was caused by birds or
small wildlife. This type of damage could easily be sealed with a single piece tape.
Rodents did damage the bag, typically at the loose end of the bag left after filling. The
loose material provided cover and nesting material. Damage was closed as soon as noted
and repellent products were applied. Bird damage was similar to that which occurred on
the corn study, but there was less rodent damage. There was one sizeable damage event
during the course of the soybean study in which a large animal punctured a bag at a
location that allowed grain to spill out of the bag. This damage occurred during the night
of an extreme weather event that included overnight thunderstorms and tornado warnings.
The bag was sealed as soon as the damage was reported, but resulted in moisture entering
the grain bag.

Figure 3.14

Soybean bag damage (L) bird damage to top of bag, (C) rodent damage to
underside of bag, (R) large puncture and spill event
Grain Temperature Analysis

Grain temperature was analyzed at all locations within the bag for a period of
week 6 and 7 of the study. A repeated measures mixed model was developed as a
function of bag, position, and the interaction of bag and position. Bag (P = 0.9840) and
the interaction between bag and position (P = 0.9999) were not significant. Measurement
location within the bag was significant (P = 0.0036). This result indicates that the grain
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temperature environment within each bag was similar and the primary cause for
temperature difference was sensor location (table 3.13). The mean temperatures from
each sample location were grouped by least-square means (table 3.14). Recall that
position V5 is at the top and position H8 is at the West facing boundary of the bag crosssections. Temperatures at these locations were significantly different than the center of
the grain mass. Transitional regions between peripheral and core temperature can be
identified. If the C letter grouping is taken as the grain center temperature, then the
distance from the bag boundary to center temperature occurred within 45.7 cm (18 in) in
the horizontal direction and within 30.5 cm (12 in) in the vertical direction. Position H8
temperature mean was nearly 1 °C higher than position V5, but was not significantly
different. Temperature at position V1, at the bottom surface of the bag, was warmer than
the grain center because of warmer soil temperature. Temperature at this location was
consistent throughout the study. A chart of daily temperature means for each location
with temperature and relative humidity sensors was developed (fig. 3.15). The core
temperature increased because of the higher ambient and peripheral temperatures.
Table 3.13

Soybean bag temperature means (n=13/bag)
Bag
Mean T (°C) [A] Group
1
10.2
A
2
10.2
A
3
10.2
A
4
10.4
A
Mean
10.2
SEM
0.2
[A] Means divided at SEM = 0.38
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Table 3.14

Soybean position temperature means (n=4)
Position Mean T (°C) [A] Group
H1
9.2
C
H2
9.2
C
H3
10.6
BC
H4
9.2
C
H5
9.3
C
H6
9.7
C
H7
11.0
ABC
H8
12.9
A
V1
10.5
BC
V2
9.6
C
V3
9.5
C
V4
10.6
BC
V5
11.8
AB
[A] Means divided at SEM = 0.69
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Figure 3.15

Soybean
daily
mean
temperatures
for
selected
and ambient conditions. Vertical bars represent SEM.

locations

Psychrometric and EMC Analysis
Temperature and RH should have an inverse relationship, as temperature
increases, the relative humidity at the same location should decrease. This relationship
was observed at nearly all locations where temperature and RH were measured and these
data were accepted as accurate (fig. 3.16). RH recorded at location H8 at the West bag
boundary did not follow this relationship, and this trend held for all bags. RH at this
location consistently followed grain temperature. These RH sensors were likely fouled
with grain material or fungal growth or were operating in saturated conditions (fig. 3.17).
Near the horizontal sensor locations oxygen may have penetrated the bag leading to an
area of local soybean degradation. The sensors were examined after they were removed
from the bags and appeared to be functioning correctly.
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Figure 3.16

Inverse relationship between T and RH (Bag 2 Position V5)

Figure 3.17

Local soybean degradation caused by moisture infiltration into the bag

H was calculated at the remaining location with both temperature and RH sensors
for each hour during the two week intensive study period. H was analyzed using the
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same method described for temperature analysis (table 3.15). Position was significant but
bag and the interaction between bag and position was not significant. Means groupings
indicate that the bag H means were similar (table 3.16). It can be assumed that the mean
bag conditions were relatively uniform. Position means indicated that H was highest at
the bag periphery and the rest of the interior grain mass had a lower value (table 3.17).
Pv was again significant only with position (P < 0.0001). Pv was significantly higher at
the bag top position indicating that moisture would migrate into the grain mass, but it is
unclear if these differences were significant to the bag environment (table 3.18). While
the grain temperature differences by position were significant, the difference between the
warmest and coolest areas was less than 4°C. This temperature difference was below the
threshold at which convective currents in the grain were likely to develop. Moisture
migration in this situation was likely driven by diffusion rather than the convective
processes seen if the difference between grain core and periphery temperatures were
larger.
Table 3.15

Soybean repeated measures ANOVA for humidity ratio
Effect
Num DF Den DF F Value Pr > F
Bag
3
36.5
1.64
0.1961
Position
4
36.5
10.87 <.0001
Bag x Position
12
36.5
0.3
0.9853
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Table 3.16

Soybean bag H means (n=5/bag)
Bag Mean H (g/kg)[A] Group
1
4.7
B
2
5.0
A
3
4.9
AB
4
4.8
AB
Mean
4.9
SEM
0.1
[A] Means divided at SEM = 0.13

Table 3.17

Soybean position H means (n=4)
Position Mean H (g/kg) [A] Group
H1
4.5
C
H3
4.6
BC
V1
5.0
B
V3
4.6
BC
V5
5.6
A
[A] Means divided at SEM = 0.14

Table 3.18

Soybean position Pv means (n=4)
Position Mean Pv (kPa) [A] Group
H1
0.73
C
H3
0.75
BC
V1
0.80
B
V3
0.74
BC
V5
0.91
A
[A] Means divided at SEM = 0.023

Moisture should rise with warm air since the ambient and peripheral temperatures
were warmer than the core temperature. Soybean H and Pv values were in direct contrast
to the results seen in the corn study. The difference lies in the fact that the ambient
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temperature was higher than the core temperature during the soybean study and the
ambient temperature was lower than the core temperature during the corn study. .
Results consistent with H were found when dew-point temperatures (Td) were
calculated for T and RH locations. Bag and position were significant and the interaction
was not significant (table 3.19). There were similarities in the means and the bags were
assumed to have behaved similarly (table 3.20). The highest dew point occurs at the top
periphery and the remaining locations trended together (table 3.21).
Table 3.19

Soybean repeated measure ANOVA for Td
Effect
Num DF Den DF F Value Pr > F
Bag
3
26.4
1.51
0.2347
Position
4
26.4
7.25
0.0004
Bag x Position
12
26.4
0.26
0.9906

Table 3.20

Soybean bag Td mean (n=5/bag)
Bag Mean Td (°C) [A] Group
1
2.4
B
2
3.4
A
3
3.0
AB
4
2.9
AB
Mean
2.9
SEM
0.2
[A] Means divided at SEM = 0.33
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Table 3.21

Soybean position Td means (n=4)
Position Mean Td (°C) [A] Group
H1
2.0896
C
H5
2.4429
BC
V1
3.3301
B
V3
2.3195
BC
V5
4.4731
A
[A] Means divided at SEM = 0.34

The positional dew point means were lower than the grain temperature means
calculated at the same location. Further analysis was conducted by choosing a period of
rapid temperature change from the study period and comparing boundary locations.
Grain temperature at the selected locations never dropped below the dew point, meaning
that condensation did not occur within the grain mass (fig. 3.18). The ambient
temperature did, however, drop below the dew point. Therefore, the potential for
condensation on the interior surface of the grain bag cannot be ignored. Ambient
temperatures were not, however, below grain dew-point temperatures for large amounts
of time.
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Figure 3.18

Soybean grain T, grain Td, and ambient temperatures (Bag 2 V5)

EMC was calculated for the selected locations with both temperature and relative
humidity data. Analyses were conducted using the same repeated measures mixed
model. Results indicated that bag, position, and the interaction were all significant. The
bag means were significantly different with no shared ranges and nearly every position
within the bags was significantly different. Additional covariance models and solution
methods were attempted and the AICC did not improve, nor did the resulting inferences
change. The instrumentation system or the experimental design was not capable of
describing the variability in EMC for soybeans during the study period. Given the good
quality of results from collected temperature data, the errors were likely caused by
relative humidity measurement.
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Moisture Content Samples
A different repeated measures model was used to compare soybean MC. Bag,
position, and the interaction between the two were still tested, but a different covariance
structure was found to perform best for this model. The heterogeneous autoregressive
covariance model was selected based on improving AICC. Inference did change based
on model selection. MC data were normally distributed and an arcsine transformation did
not improve normality or change inference.
Analysis of samples collected with the grain probe indicated that horizontal
position within the bag had no significant influence on soybean MC (table 3.22). Despite
positional differences in mean temperature, H, and the possibility of condensation at the
bag edge, the MC remained constant across the bag cross-section. There was no
interaction between bag and position, however, bag was significant. Further testing
indicated that there were significant differences among the weeks in the study, and there
was an interaction between week and bag. A chart of the moisture content means by bag
reveals the differences (fig. 3.19). Bag 1 MC were lower than the other bags throughout
the study, indicating the initial differences in the grain delivered for the study. The
results of a bag puncture during week 15 in bag 4 were strongly evident by the
considerable increase in moisture content measured during week 16. The increased MC
was supported by the samples sent for grading, which showed similar moisture content
results. The rest of the MCs trended largely together and were relatively similar
throughout the study. Changes in MC were similar in all bags, indicating that an external
stimulus, such as a large temperature shift, could cause moisture content differences
within the bag.
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Table 3.22 Soybean repeated measured ANOVA for moisture content
Effect
Num DF Den DF F Value Pr > F
Bag
3
44.8
151.88 <.0001
Position
7
44.8
0.75
0.6322
Bag x Position
21
44.8
0.68
0.8269

Figure 3.19

Soybean mean moisture content (n =
Vertical error bars represent SEM.

8) and ambient temperature.

Aflatoxin Samples
Little Aflatoxin was expected to present for soybeans while in storage. Soybeans
have been generally thought to be immune to large-scale Aflatoxin contamination other
than in extreme circumstances. Testing did indicate the presence of Aflatoxin within
three of the grain bags at levels of at least 20 parts per billion (ppb) (table 3.23). There
were no discernable patterns that would indicate that when Aflatoxin was found at the
critical concentration, that it was consistently found within that bag for the rest of the
study. The soybeans were accepted at the elevator to which they were delivered, and
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there were no discounts applied for the presence of Aflatoxin. The sample volumes or
locations may not have been adequate to completely describe the Aflatoxin conditions
within the bags. In the future, quantitative testing may be more appropriate to describe
contamination results.
Table 3.23

Soybean composite sample Aflatoxin results

Week
Initial
1
2
3
4
5
6
7
8
10
12
14
16

Bag 1
Duplicate
A
B

+
+
+
+
-

+
+
+
+
-

Bag 2
Duplicate
A
B

-

-

Bag 3
Duplicate
A
B

+
+
+
-

+
+
+
-

Bag 4
Weekly Mean
Duplicate Ambient T
A
B
(°C)
-2.3
5.7
4.5
+
+
6.2
0.2
10.6
14.7
+
+
14.0
+
+
8.9
13.3
+
+
11.7
19.5
23.3

Bulk Grain Quality
Soybean samples collected at the beginning and end of the study were graded by a
certified inspector using standard methods graded on: MC (% wet-basis), total damaged
kernels (DKT, %), heat damage (HT, %), splits (SPL, %), and soybeans of other colors
(SBOC, %) (table 3.24). Moisture content at the end of the study did increase, however
remained stable for most of the time. The damage and spillage event for bag 4 did
increase grain moisture content by nearly 2% points. Total kernel damage appears to
have increased while in storage. The difference in kernel damage may have been enough
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to decrease the grade of the crop. When the unloaded soybeans were sold to a local
elevator, there was no price deduction for grain quality, but one hopper was docked $0.10
per bushel for being sour. MC values in the grade tables were provided by the grading
agency and may differ from oven methods described previously.
Table 3.24
Bag
1
2
3
4
Mean
SD
[A]:
Note:

Initial and final grade of conditioned soybeans stored in grain bags

Initial Grade
Final Grade
[A]
MC DKT HT SPL SBOC
MC
DKT HT SPL
10.0 1.5 0.0 7.2
0.0
12.1 5.1 0.1 6.1
10.6 2.1 0.2 3.1
0.0
12.0 3.5 0.0 4.2
10.7 2.8 0.0 3.9
0.0
12.3 6.6 0.0 3.1
10.4 2.3 0.0 2.7
0.0
8.2 0.3 3.1
10.4 2.2 0.1 4.2
0.0
12.1 5.9 0.1 4.1
0.3
0.5 0.1 1.8
0.0
0.9
1.7 0.1 1.2
Bag 4 excluded because of major bag rupture.
MC (wb, %), Total Kernel Damage (DKT, %), Heat Damage (HT, %),
Splits (SPL,%), Soybeans of Other Colors (SBOC, %)

SBOC
0.0
0.0
0.0
0.0
0.0
0.0

Conclusions
Conditioned corn and soybeans were stored in grain bags for periods of 20 and 16
weeks respectively. The soybeans lost quality equivalent to approximately one grade due
to total kernel damage and corn maintained the same quality grade after 16 and 20 weeks
of storage, respectively. Both commodities were sold to a local elevator with only part of
the lots being docked for sour smell. There were some areas of the bags with quality
issues: the bag ends and some at the peripheral area. Some of the damage was caused by
the installation of the instrumentation and the collection of samples at those locations.
Care must be taken to keep the bag envelope as tight as possible to prevent grain quality
deteriorations. Wildlife damage should be dealt with as soon as possible to prevent
moisture from entering the bag environment.
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There was a peripheral area of the bag that was significantly different from the
core of the bag. This exterior region strongly tracked with ambient conditions. The
peripheral region appears to extend between 30.5 – 45.7 cm (12 - 18 in) into the bag,
based on significant temperature differences. Comparison of humidity ratios inside the
bag indicated that moisture migrated within the bag. Both diffusive and convective
processes were present depending on the difference in temperature between ambient
conditions and the grain core. Grain temperature did not appear to drop below dew point
temperature; therefore there should not be condensation within the grain mass. The
ambient temperature can drop below dew point and condensation could occur just within
the bag surface. Measured moisture content did not change across bag profile, but will
change over time. Moisture content differences were expected given the indications of
moisture migration within the bag. Finer sampling resolution or longer storage times
may be needed to describe these differences. Unless there was a major bag damage
event, grain came out of the grain bag at within 1-2 moisture content percentage points of
how it entered the bag.
Grain bag storage systems appear to be a viable option for grain storage as long as
they are correctly managed and regularly inspected. All grain storage systems will have
some amount of quality loss. Quality appears to be better maintained for cereal crops
than oil crops under conditions common to the Southern US. With this knowledge,
producers can best assess if the adopt this system and how to use it to its best benefit.
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CHAPTER IV
INTERNAL ENVIRONMENT, QUALITY, AND THERMAL SPATIAL
INTERPOLATION OF HARVEST CONDITION CORN STORED IN
GRAIN BAGS
Introduction
Corn production in the Southern United States has exceeded grain storage
capacity in recent years (USDA-NASS, 2008). Several alternative grain storage systems
have been adopted by producers and commercial grain storage facilities. One such
system was grain bag storage systems, sometimes known as silo bags. This technology
was derived from the storage of ensileable material and relies on a hermetic seal on the
polyethylene bag to protect grain quality (Abalone et al., 2011). Grain within these bags
cannot be conditioned once placed in storage; therefore careful consideration must be
given to the initial condition of the grain entering storage. One advertised advantage of
the grain bag storage system has been the ability to harvest the commodity and to
temporarily store it in the field prior to conditioning or marketing (Delta Grain Bag,
2008). Corn, and other grains, have often been harvested at moisture contents (MC) well
above safe storage levels. Producers harvested early to facilitate quicker harvest of large
acreage, to promote timely harvest of other, more fragile, crops on their farm, or were
following traditional practices. Therefore, it was important to establish the effects of
storing field-dried, harvest condition corn inside grain bags.
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Grain Bag Storage
Grain MC and temperature (T) have been established as primary factors
determining the preservation of grain during storage (Converse et al., 1973; Saul, 1967).
Research described in previous chapters indicated that artificially dried corn stored in
grain bags at commercially allowable MC levels generally maintained quality even after
16-20 weeks of storage. Some sour odors were noted. Quality appeared to be reduced at
the bag periphery. Samples collected horizontally along the grain bag profile, however,
did not reflect a spatial trend in grain MC.
External factors such as ambient weather conditions have influenced bag
temperature, especially in the peripheral regions of stored grain, and allowed for locations
of decreased quality to develop (Navarro et al., 2002). Corn at higher MC may also
generate heat from biotic respiration and increase the likelihood of deterioration
(Khankari et al., 1995). Bartosik et al. (2008) described a series of experiments to test
grain bags in Argentina for corn, soybean, wheat, and sunflower. Results indicated that
mean grain temperature followed mean ambient temperatures trends. Grain quality was
maintained when stored at standard MC (14.8 %wb), but quality was lost for higher MC
(19.5 %wb). Spatial MC differences were reported only for high moisture sunflower.
Costa (2010) published the results of a study evaluating corn MC and temperature
on grain quality. Small bags, made from grain bag material, were filled with corn at
14.5% and 18% wet-basis MC. These bags were subjected to temperatures of 25, 30, and
35 °C, and were analyzed at 30 d intervals up to 180 d. The lower MC remained constant
and maintained quality throughout the entire study for all temperatures. Quality
decreased markedly for the high MC corn after 60 d, even though MC remained stable.
Grade decreases were attributed to kernel mold damage.
76

Darby and Caddick (2007) analyzed grain bag storage systems under Australian
conditions. Their report indicated that mean grain temperatures did follow mean ambient
trends. Temperature data reflected marked differences between the grain mass center and
peripheral regions. Spatial MC differences were noted along with limited success in
maintaining grain bag hermetic seals. Gaston (2009) verified a mathematical model for
heat and moisture transfer for wheat stored in grain bags. For grain temperature higher
than ambient conditions, the model predicted an increase in grain MC up to 1.5% wetbasis around the bag periphery. Collected samples reflected a statistically insignificant
MC difference. Dry matter loss (DML) was predicted as being highest in the center of
the bag due to potential microbial respiration. The researchers estimated 25% of the
grain volume was subject to the periphery effects and had a higher potential for quality
degradation.
Thermal Spatial Interpolation of the Grain Mass
Multiple finite element models have been developed to describe grain storage in
traditional storage systems (Casada and Young, 1994; Chang et al., 1993, 1994; Khankari
et al., 1995; Montross et al., 2002a, b). Limited work has been conducted specifically on
grain bags (Abalone et al., 2011; Gaston et al., 2009), however these models have drawn
on the results of non-aerated cases from traditional grain storage models. These models
typically predict temperatures within a stored grain mass as a function of external thermal
conditions. To validate the models, researchers have compared the predicted temperature
values to sparsely spaced temperature measurements collected from the grain mass.
No documentation was found in which temperatures were measured and spatial
interpolation techniques were used to estimate temperatures within the grain mass.
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Thermal maps of a stored grain mass could be input into existing models to estimate
other grain parameters or could be used to validate existing heat transfer models.
Additionally, the thermal interpolations provide insight into identifying the peripheral
region of a grain mass that is strongly influenced by ambient conditions. Comparison of
mean thermal conditions among grain systems could also identify locations or structures
with a probability of reduced quality due to grain heating or other factors.
Geostatistical techniques have developed concurrently among a diversified range
of technical fields including mining and ecology. These techniques have ultimately
found application across a wide range of social and physical sciences (Perry, 2002).
Precision agriculture practitioners have adopted these methods to describe in-field
variability and management practices (Borgelt et al., 1994). Some of the methods have
rigorous statistical methods to detect spatial differences and others are purely descriptive
(Isaaks and Srivastava, 1989). The most common thread among the practices was
management of autocorrelation among collected data (Dale et al., 2002). Multiple
documented techniques have been developed to effectively manage application of these
methods and software tools have been developed to make them accessible. These
methods estimate the value of a random variable at an unobserved location using
observed values at neighboring locations.
The two most commonly used geostatistical practices were inverse distance
weighted (IDW) interpolation and kriging-based prediction. The only application of these
methods to stored grain in the literature appeared in entomological analyses of the stored
grain environment (Arbogast et al., 2006; Arbogast et al., 2000; Arbogast et al., 1998;
Lazzari et al., 2010). Developing a method to interpolate the grain thermal environment
should be useful to researchers and grain managers.
78

Objectives
The objectives of this study were i.) to monitor and describe the internal
environment of grain bags loaded with harvest moisture corn, ii.) to assess changes in the
quality and moisture content of harvest condition corn stored in grain bags, and iii.) to
characterize the grain bag thermal environment using spatial interpolation techniques.
Methods and Materials
Field Activity
Corn (Zea mays, unknown hybrid) was harvested by a cooperating producer on
August 18, 2011. The producer’s typical practice was to unload the combine with a grain
wagon and then transfer the harvested corn to trucks for transportation to on-farm storage
or marketing. Rather than loading trucks, the corn was placed into four 7.6 m (25 ft) long
experimental scale grain bags. A 2.74 m (9 ft) grain bagger (Carlos Mainero y Cia.
S.A.I.C.F.I, Bell Ville, Córdoba, Argentina) was used to fill each grain bag with
approximately 600 bu of freshly harvested corn. (fig. 4.1). Bags were loaded on the same
day that the corn was harvested and were located in the field from which the corn was
harvested near Columbus, Mississippi. The bags were placed on a packed, level field
entrance area and were orientated in a North-South direction. After filling, each bag was
3.7 m (12 ft) wide and approximately 1.4 m (4.5 ft) tall. The grain bags were
manufactured by AT Films (Edmonton, Alberta, Canada) and were purchased from a
local agricultural equipment dealer. The unconditioned corn was stored in the grain bags
for a period of 12 weeks. Grain bags were inspected at least twice a week, any bag
damage was repaired immediately upon discovery. Bag seams were closed with a heat
sealer. The bag material at the beginning of the bag was firmly tucked underneath the
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bag. Material at the end of the bag was rolled. Commercial rodent repellents were used
for greater bag envelope protection.

Figure 4.1

Loading an experimental grain bag with freshly harvested corn

On November 17-18, 2011, the grain bags were unloaded with an Akron (San
Francisco, Cordoba, Argentina) grain bag extractor provided by Delta Grain Bag
(Monette, Ark.) (fig. 4.2). The grain was transferred to trucks and transported to a local
elevator. A grain vacuum system was used to collect the grain spillage that occurred at
the very end of the bag, and was used to remove enough grain to reconnect the extractor
the grain bag when one of the bags ruptured during unloading (fig. 4.3).
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Figure 4.2

Unloading a grain bag at the completion of the study

Figure 4.3

Rupture at bottom of grain bag during unloading
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Instrumentation
Chapter 2 described the development of an instrumentation system to monitor the
internal environment of a grain bag. Fourier analysis concluded that the minimum data
collection rate of 10 h or less was required to describe the grain bag storage system. The
instrumentation and methods were successfully applied to commercially conditioned corn
and soybeans for up to 20 weeks of storage time. Temperature sensors, composed of
high precision T-type thermocouples (Omega Engineering, Inc., Samford, CT) attached
to a 0.64 cm (0.25 in) thick by 2.5 cm (1.0 in) diameter aluminum disks, were spaced
76.2 cm (12 in) apart along a length of food grade high density polyethylene (HDPE) Cchannel. Relative humidity (RH) sensors were attached at either end of the C-channel
and at the center of the stored grain mass, this assembly was then identified as a linear
sensor array (LSA). There were two primary LSAs per bag, one each for horizontal and
vertical measurement of the bag profile. Two additional short temperature arrays were
fabricated by attaching thermocouples to a length of 1.3 cm (0.5 in) diameter schedule 40
plastic pipe. The short LSAs measured temperature the bag interior surface and at 15.2
cm, 45.7 cm, and 76.2 (6 in, 18 in, and 30 in) from the bag surface. A system calibration
was conducted on the instruments and the data loggers (CR1000, Campbell Scientific,
Logan, Utah). Ground temperature sensors were also fabricated. Data were collected on
a one hour interval.
LSA and instrumentation installation initiated on the day of bagging and was
completed on the following day. The primary LSAs were placed into the bag in the
horizontal and vertical directions (fig. 4.4). They were placed in a cross-sectional plane
at the center of the bag. This created an area upon which to analyze spatial temperature
and RH variation. The short LSAs were inserted into the bags at a 45-degree angle in the
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cross-sectional plane. A weather station (Hobo U30/NRC, Onset Computer, Pocasset,
MA) was placed near the grain bags to record hourly ambient weather conditions

Figure 4.4

Cross-section of grain bag indicating temperature and RH sensor locations

Grain Sampling
Corn samples were collected on loading day, unloading day, and once every week
until the conclusion of the study. Sample collection was performed with a 10 ft divided,
brass probe (item no. 230, Seedburo Equipment Company, Des Plaines, Ill.). Each of the
20 positions within the grain probe was stored separately. Initial sample test weights
(TW) were estimated using a calibrated meter (GAC2100, Dickey-John, Minneapolis,
Minn.) Weekly samples were analyzed for MC using standard oven drying methods
(ASABE, 2008). Composite samples for each bag from the first and last day of the study
were analyzed for Aflatoxin content and were graded by an officially designated grain
inspectors (Midsouth Grain Inspection Services, Stoneville, Miss.). The presence of
Aflatoxin at the 20 ppb level was tested in duplicate for each bag using a commercial test
strip kit (Reveal for Aflatoxin, Neogen Corporation, Lansing, MI).
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Data Analysis
Internal environmental parameters were calculated from measured temperature
and RH data. Humidity ratio (H), vapor pressure (Pv), and dew point temperature (Td)
were calculated using standard equations (ASABE, 2010). Equilibrium moisture content
(EMC) was calculated using the modified Henderson equation and the generalized
constants for shelled corn (ASABE, 2007). Data calculations were performed using
MATLAB (R2011a, The MathWorks Inc., Natick, Mass.).
Statistical analyses were conducted using SAS (Version 9.2, SAS Institute Inc,
Cary, NC). Data were analyzed as a mixed model with repeated measures using the
MIXED procedure. The time basis of the collected data was the repeated measure: hour
for instrumentation data, week for samples. The subject for all models was measurement
position nested within bag, inferences were made at a 0.05 significance level. Model and
autocovariance structure selection was chosen using corrected Akaike Information
Criterion (AICC); (Akaike, 1974). A SAS macro was used to group means into letter
classifications at a 0.05 significance level (Saxton, 1998). Analyses were performed on a
selected two week period within the 12 week study period. A two week period was
chosen as being of adequate size to explore temporal trends without being so large that
shifts in ambient conditions would mask spatial trends in bag environment. The selected
period was the fifth and sixth week of the study starting at 12:00 AM local time on
September 25, 2011 and ending at 11:59 PM on October 1, 2011.
Thermal Spatial Interpolation
Geostatistical spatial interpolations methods were applied to mean temperatures.
Empirical semivariograms were developed for the grain temperature and for the grain
temperature with linear coordinate effects. A spatial variance model was fitted to the
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variogram to be used in the kriging process. Four interpolation methods were compared:
IDW interpolation, ordinary kriging (OK), universal kriging, (UK), and standard kriging
(SK). All geostatistical analyses were carried out in the R programming language (ver.
2.14.0, R Foundation for Statistical Computing, Vienna, Austria) using R Studio (ver.
0.94.110, R Studio, Inc.). An image of a grain bag and the sensor locations was imported
into R using the rimage (Nikon Systems Inc., 2011) package. The bag boundary and
measurement locations were identified using the locator function and a polygon of the
bag boundary was developed. Points, which would become the centers of the grid over
which the interpolations would occur, were regularly spaced in a box defined by the
maximum bounds of the irregular spatial domain. Points falling within the bag polygon
were identified and the points outside the bag were discarded. Finally, the interpolation
grid was established within the bag boundary. The spatial resolution of the applied grid
was approximately 1.8 in2. The sp (Bivand et al., 2008; Pebesma and Bivand, 2005) and
gstat (Pebesma, 2004) packages were used to develop the polygon and interpolations.
Results and Discussion
Grain Temperature
Grain temperatures were analyzed by location within the grain bags using a mixed
model. The first-order autoregressive covariance structure most improved AICC
performance. A heterogeneous structure would have been preferred, however, the model
never converged after an extended calculation time given the large number of data points
under analysis. An initial model was developed in which all bags were compared. The
repeated measures ANOVA for this model indicated that the bag (P < 0.0001), position
within the bag (P < 0.0001), and the interaction between the two (P = 0.0086) were
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significant. The temperature means (table 4.1) indicated that bag 2 had a significantly
higher mean temperature than the other bags. The difference in temperature means
appeared to be both statistically and physiologically significant. Bag 2 had the highest
grain moisture content when the grain was bagged (table 4.2). This indicated that bag 2
generated heat through biotic respiration and reduced the quality of the stored corn.
Costa et al. (2010) showed similar results in which high moisture corn stored in grain
bags at 35 °C degraded in quality. Due to the fact that bag 2 entered a heating phase and
had mean temperatures significantly higher than the other bags, bag 2 was excluded from
further analysis.
Table 4.1

Corn mean temperature by bag (n=22)
Bag Mean T (°C)[A] Group
1
32.8
BC
2
35.9
A
3
32.1
C
4
33.3
B
[A]Means divided at SEM =0.32

Table 4.2

Mean initial grain moisture content (n=3)
Bag Initial Mean MC (%wb)
1
16.7
2
17.7
3
16.9
4
17.6

An updated model, excluding bag 2, was applied to the grain temperature data.
Differences among mean bag temperature and the interaction between bag and
measurement position were significant, position within the bag was significant (table
4.3). Mean ambient temperature during the study was lower than the mean grain mass
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temperatures, indicating that the grain peripheral temperature was expected to be lower
than the temperature at center of the grain mass. This hypothesis was validated true by
the trend in mean grain temperatures at each position (table 4.4). Further interpretation
using the least squared differences simplified the means groupings. Positions nearest the
bag periphery (H8, V1, V5, E4, and W4) were at the same temperature and were cooler
than the grain center temperature. The notable exception was position H1, whose mean
temperature was similar to the peripheral temperature despite being only 5.1 cm (24 in)
from the bag center. Temperature means for the Western LSA near the bag center (W1,
W2) were also lower than the Eastern LSA at the same depth from the bag surface. This
result indicates that there may not be spatial thermal symmetry within the bag.
Table 4.3

Repeated measures ANOVA for corn temperature
Effect
Num DF Den DF F value Pr > F
Bag
2
24.4
3.03
0.0666
Position
21
24.4
13.96 <.0001
Bag x Position
42
24.4
1.75
0.0705
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Table 4.4

Mean corn position temperature (n=3)
Position Mean T (°C)[A] Group
H1
30.5
HIJ
H2
34.2
BCDE
H3
36.25
ABCD
H4
36.6
AB
H5
36.4
ABC
H6
36.2
ABCD
H7
33.9
CDEF
H8
28.4
J
V1
29.9
IJ
V2
30.6
HIJ
V3
34.0
BCDEF
V4
36.0
ABCD
V5
31.0
GHIJ
E1
37.4
A
E2
35.9
ABCD
E3
33.2
EFGH
E4
29.7
IJ
W1
33.6
DEFG
W2
32.0
EFGHI
W3
31.4
FGHI
W4
30.7
HIJ
Ground
23.3
K
[A]Means divided at SEM =0.91

Psychrometric Properties and EMC
H and Td were calculated at positions H1, H5, H8, V1, V3, and V5. Prior to the
calculations, measured data were verified to ensure that values were not errant and
followed physical principles. Of primary interest was the relationship between
temperature and RH measurements. Psychrometric principles dictate that temperature
and relative humidity maintain inverse relationships. As temperature decreases, RH
should increase as the moisture capacity of the air decreases (fig. 4.5). This relationship
was observed for all positions within all bags except for position V5 in all bags. RH data
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for these locations trended with grain temperature and values errantly exceeded 100%
(fig. 4.6). Data from position V5 were excluded from analyses, the RH sensors may have

50

100

40

90

30

80

20

70

10

60

0

0

50

100

150
200
Time (hours)

250

Temperature
Relative Humidity

Figure 4.5

Inverse relationship between T and RH (Bag 3, H8)
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been fouled or were saturated due to a fungal mass encapsulating the sensor (fig. 4.7).
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Figure 4.6

Errant direct relationship between T and RH (Bag 3, V5)

Figure 4.7

RH sensor embedded in fungal mass
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Humidity Ratio and Vapor Pressure
Calculated values for H and Pv (reported in g water / kg dry air and Pa,
respectively) were statistically analyzed. The first-order autoregressive covariance
structure was selected for best AICC performance. Position within the grain bag was the
only significant model term (table 4.5). Results showed that H was highest at the center
and was lower at the periphery of the grain mass (table 4.6). H increased from the bag
floor to the bag center. Pv was only influenced by position (table 4.7) and was lower at
the perepheriry than at the center (table 4.8). Unfortunately, data from the bag top was
not available to verify the trend into the bag periphery. Results from a similar experiment
described in Chapter 2 conducted with dry corn do reflect the same trends. The
differences reflect the water holding capacity differences in air at between lower and
higher temperatures. Corn at lower temperatures has been shown to have a higher EMC,
therefore the available moisture could have been migrating into the corn at the peripheral
layer (ASABE, 2007).
Table 4.5

Repeated Measure ANOVA for H
Effect
Bag
Position
Bag x Position

Den
DF
3.12
3.12
3.12

Num DF
2
4
8
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F value
0.2
33.51
2.72

Pr > F
0.8301
0.0069
0.2146

Table 4.6

Mean position H (n=3)
Position Mean H (g/kg)[A] Group
H1
23.76
C
H3
33.73
A
H8
19.05
D
V1
22.87
CD
V3
28.37
B
[A]Means divided at SEM =0.97

Table 4.7

Repeated Measure ANOVA for Pv
Effect
Bag
Position
Bag x Position

Table 4.8

Num DF
2
4
8

Den DF
3.57
3.57
3.57

F value
0.21
35.35
3

Pr > F
0.8221
0.0037
0.1698

Mean position Pv (n=3)
Position Mean Pv (kPa)[A] Group
H1
3.7
C
H3
5.2
A
H8
3.0
D
V1
3.7
C
V3
4.4
B
[A]Means divided at SEM =0.142
Dew-Point Temperature

Calculated Td values were analyzed using the same repeated measured mixed
model as described for H analysis. Statistical results showed that bag was not significant
and position was significant (table 4.9). There was a significant interaction between bag
and position. Means indicated that dew-points were higher for the grain center than the
periphery, indicating an increased presence of moisture in the air at the center (table
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4.10). Mean grain temperatures were never lower than mean Td for any position,
indicating that a dehumidification process was not occurring within the grain mass.
Table 4.9

Repeated Measures ANOVA for Td
Effect
Num DF Den DF F value Pr > F
Bag
2
11.7
0.68
0.5236
Position
4
11.7
55.61 <.0001
Bag x Position
8
11.7
7.96
0.001

Table 4.10

Mean Td by position (n=3)
Position Mean Td (°C)[A] Group
H1
23.47
C
H5
28.08
A
H8
20.15
D
V1
22.95
C
V3
25.85
B
[A]Means divided at SEM =0.40

Grain temperatures never dropped below the Td required for condensation (fig.
4.8). Ambient temperature remained lower than Td for most of the emphasis period.
Therefore moist air encountering the bag surface would condense. The condensed
moisture would likely cause a decrease in quality of corn in the bag peripheral layer.
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Figure 4.8

Grain T, grain Td, and Ambient T at the bag periphery (Bag 3, H8)
Equilibrium Moisture Content

Statistical analysis of calculated EMC did not prove effective, as with other
experiments. Bag, position, and the interaction model terms were all significant (table
4.11). Inferences made using these results could be suspect. The logarithmic nature of
the modified Henderson equation makes it sensitive to input variables. Bag 1 mean EMC
was significantly lower than bags 3 and 4 (table 4.12). There were significant differences
among locations (table 4.13)
Table 4.11

Repeated measures ANOVA for EMC
Effect
Num DF Den DF F value Pr > F
Bag
2
16.8
15.97 0.0001
Position
4
16.8
6.79
0.0019
Bag x Position
8
16.8
11.24 <.0001
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Table 4.12

Bag EMC means (n=5)
Bag Mean EMC (%wb)[A] Group
1
16.2
B
3
17.2
A
4
17.2
A
Mean
16.9
SEM
0.07
[A] Means divided at SEM = 0.14

Table 4.13

Position EMC means (n=3)
Position Mean EMC (%wb) [A] Group
H1
17.3
A
H3
16.9
AB
H8
16.4
B
V1
17.4
A
V3
16.4
B
[A] Means divided at SEM = 0.19

Moisture Content Samples
Corn MC measured from collected samples were statistically analyzed using all
grain bags. A repeated measures model similar to those previously discussed was used,
however, the heterogeneous first-order autoregressive covariance structure most
improved AICC performance. An arcsine transformation did not improve normality or
change inference. Results suggest that corn MC did not significantly change linearly
across the horizontal direction of the grain bag cross section. There were differences in
mean MC for each bag, but the interaction between bag and sample location was not
significant. These results were similar to other studies (Bartosik et al., 2008; Gaston et
al., 2009).
A chart of weekly MC means (fig. 4.9) shows that MC did change over time, but
that grain was removed from storage, typically, within 1% point of the MC when placed
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in storage. Weekly MC from each bag appears to increase or decrease simultaneously,
suggesting that the changes were caused by an external stimulus such as fluctuation in
ambient temperature. Bag 2, which heated while in storage, consistently had the highest
variability each week in MC measurements.

Figure 4.9

Weekly mean corn MC. Vertical bars represent SE.

Aflatoxin Content
Aflatoxin testing did result in definitive differences. Concentration levels
fluctuated over the course of the study. Initial samples did not register a positive test for
a 20 ppb concentration of Aflatoxin for all bags (table 4.14). There was an increase in
positive detection during weeks 7-9. There were no identifiable external stimuli that
could be identified for this increase in detection. Average weekly temperature actually
decreased between weeks 8 and 9 to a range that was below the optimal temperature for
optimal mycotoxin production.
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Table 4.14 Aflatoxin testing results (+ indicates concentration > 20 ppb)

Week
Initial
1
2
3
4
5
6
7
8
9
10
11
12

Bag 1
Duplicate
A
B
+
+
+
+
+
+
+
+
-

Bag 2
Duplicate
A
B
+
+
+
+
-

Bag 3
Duplicate
A
B
+
+
-

Bag 4
Duplicate
A
B
+
+
-

Mean T
(°C)
26.9
27.3
19.3
21.9
21.1
18.7
18.3
18.7
12.1
12.6
11.1
13.5

Bulk Grain Quality
Grain analysis results from initial samples estimated the quality of the corn
entering storage as US Grade No. 2 (table 4.15). Total kernel damage (DKT), heat
damage (HT), and MC were measured. All grain quality parameters and grade
assessment for the samples were provided by a certified inspector. Samples collected at
the termination of storage indicated a marked loss of quality to US Sample Grade. The
quality factor most affected by storage was DKT. Note the strong increase in DKT for
bag 2, this bag also had the highest MC of all bags and appeared to begin heating during
storage. Field notes indicate a sour odor from this bag during sampling. The grader also
assessed a sour smell present in the grain. Thus, commercially objectionable or foreign
odors (COFO) management will likely be an issue for grain bag users. When the grain
was delivered to the elevator, the corn price was not reduced for being of poor quality or
for odor. The sour odor may have been abated by truck transportation to the elevator. In
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all bags there were some areas of decreased quality grain. The majority of grain quality
loss occurred in a 7.6-10.1 cm (3-4 in) region along the upper periphery of the grain (fig.
4.10). Grain losses at the bag ends have been reported, but were not noted during unload.
The corn used in this study was harvested early in the harvest season. Ambient
air temperatures and grain temperatures were still high. Additionally, if the grain was
harvested later in the season then the moisture content would have been lower due to
field drying. Based on allowable storage time (AST) calculations, quality loss was
expected for grain held at these conditions. Southern corn growers have the advantage of
having their crop reach physiological maturity early which allows for extended fielddrying periods. Late harvested corn may be better suited for use in the grain bag storage
system.
Table 4.15

Corn grades at initiation and completion of study
Initial Grade
[A]

Bag TW
1
56.3
2
55.3
3
55.8
4
55.6
Mean 55.8
SD
0.4

Final Grade
[B]

MC DKT HT Grade
16.5 0.4 0.0 No. 2
17.5 1.0 0.0 No. 2
16.9 1.0 0.0 No. 2
17.8 1.3 0.0 No. 2
17.2 0.9 0.0
0.5 0.3 0.0

TW
53.9
50.6
53.4
52.0
52.5
1.3

MC DKT HT
16.2 13.0 0.0
18.2 29.4 0.0
17.0 18.3 0.0
17.2 13.9 0.0
17.2 18.7 0.0
0.7 6.5 0.0

Grade Remarks
Sample Sour
Sample Sour
Sample Sour
Sample Sour

[A] Estimated with Dickey-John GAC2100
[B] Estimated grade, not assigned by certified grader
Note: Test Weight (TW, lb/bu), MC (wb, %), Total Kernel Damage (DKT, %), Heat Damage (HT, %)
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Figure 4.10

Peripheral grain degradation at upper grain bag surface

Only minor grain bag damage occurred during the 12 week storage period, when
compared to studies conducted in previous chapters. There were minor water infiltration
issues with the short temperature arrays on the West side of all grain bags. Since bag
damage was minimal and issues common to all bags, it can be assumed that differences
among grain quality were caused by the grain initial condition, storage environment, and
length of storage. There a single bird damage event which was limited to one grain bag.
Three of the four grain bags had rodent damage under the grain bag. This damage
consistently occurred at the end of the bag end left to provide attachment to the extractor
(fig. 4.11). Loose material and folds provided an environment for rodents. The extent of
the bag damage was minor, but could prevent a strong hermetic seal. This has been a
common issue among users of grain bag storage systems, therefore environmental control
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to prevent rodents is necessary. Minimizing ground cover may decrease rodent access to
the bags.

Figure 4.11

Rodent damage on the underside of the tail end of a grain bag

Spatial Interpolation
Interpolation analyses were carried out in the native resolution and units of the
imported base image. Scaling the image using the known distance between sensing
locations resulted in a scaling factor of 42.26 image units , loosely referred to as pixels,
per 30.5 cm (12 in). The IDW method required the identification of an interpolation
power term. IDW power influenced how strongly each neighbor was considered in the
interpolation. A function was written in R to choose the best power based on minimizing
the root-mean square error (RMSE); (fig. 4.12). The minimal RMSE was calculated at a
power of 37.0.
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Figure 4.12

Determination of optimal IDW power using RMSE

The tested linear kriging methods (OK, SK, and UK) all required the development
of a semivariogram. The OK and SK methods both utilized the same basic
semivariogram based solely on the input temperature data and the Euclidian distance
among measurement locations. A Gaussian model was used to fit the semivariance (fig.
4.13). OK assumed no prior knowledge of the mean data over which the spatial
prediction was being made, but assumed that the mean was constant. SK assumed that
the mean was known and constant. Mean temperature of all three grain bags under
analysis was input into the interpolation. The UK method utilized a semivariogram based
on the coordinates of the measurement locations, with the mean was taken as an unknown
linear function of the combination of the two-part location coordinates (fig. 4.13).
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Figure 4.13

Semivariogram of corn temperature based on mean values for each
measurement position. Distance measured in original image pixels

Figure 4.14

Semivariogram of corn temperature based on mean values from each
position and their coordinates. Distance measured in original image pixels.

Leave-one-out cross validation (LOOV) was used to assess interpolation errors.
Methods were compared using mean prediction error (MPE), mean-squared prediction
error (MSPE), and the correlation between predicted and observed temperature values
(CORR) (table 4.16). OK was chosen as the best performing interpolation method. This
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method has been widely adopted as being the best linear unbiased estimator (Srinivasan
et al., 2010). OK attempts to minimize mean residuals and residual variance.
Table 4.16 Interpolation method comparison from cross-validation results
Method MPE (°C) MSPE (°C) CORR
IDW
-0.60
2.64
0.64
OK
-0.55
2.34
0.74
SK
-1.21
5.12
0.35
UK
-1.62
6.31
0.13
Plots of the OK generated interpolation (fig. 4.15) and prediction variances (fig.
4.16) were generated. The thermal perepherial layer was clearly illustrated in the
interpolation results. The results appeared to break down in areas of the grain mass in
which temperature measurements were not densely recorded. This same trend was also
observed on the variance plot. Areas surrounding the temperature sensor arrays were
clearly identifiable due to smaller variances. Eastern and Western peripheral
temperatures were similar; however temperatures within the grain mass were not
symmetrical. Symmetry may not be an option for applying kriging interpolation to the
grain bag thermal environment. Prevailing winds or incident solar radiation may have
caused the differences in grain bag conditions.
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Figure 4.15

Interpolated mean grain bag thermal environment

Figure 4.16

Variance of interpolated grain bag thermal environment
Conclusions

A study examining the internal environment and effects of 12 week storage of
harvest condition corn in grain bags was executed. Grain quality did decrease while in
storage, primarily driven by kernel damage to corn grains in the peripheral layer. The
thermal peripheral layer, of approximately 15.2 - 30.5 cm (6-12 in) trended with external
ambient temperature. Calculated humidity ratios did indicate a gradient in air moisture
content from the grain mass center to the periphery. This gradient could drive moisture
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migration to the periphery. Grain temperatures were never lower than dew-point
temperatures within the grain mass. Ambient temperatures were lower than dew-point,
indicating the condensation just with the bag surface may have been occurring.
Corn samples collected from within the grain bag did not indicate any spatial
difference in moisture content across the horizontal plane of the bag cross-section.
Aflatoxin appeared to be present in the bag, but results were highly variable. Spatial
interpolation methods were applied to the grain bag thermal environment. Ordinary
kriging proved to be the best interpolation method. The peripheral layer was clearly
identified in the interpolation. This center of the grain mass appeared to be at
temperatures outside the range for safe corn storage. A symmetry case did not appear to
be an option for interpolation.
These results indicated that a grain bag storage system could be used to
temporarily store harvest condition grain, as long the limitations and risks of the system
are well understood and taken into consideration. A 12 week storage period could not be
recommended for harvest condition corn; however a shorter storage period could be used
and would likely protect corn quality. Late season corn that has further dried in the field
and cooled would be better suited for bag storage. Corn at or higher than 17% MCwb
may heat while in storage leading to decreased quality. The spatial interpolation methods
could be used to expand limited temperature measurements to produce a clear image of
the grain storage environment for both research and management uses. With this
knowledge producers and grain managers can decide how to best implement grain bag
storage systems most effectively in their operations.
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CHAPTER V
SUMMARY CONCLUSIONS
In summary, a system and method for monitoring the internal environment of insitu grain bags was successfully developed. Relative humidity sensors used in this
environment would need to be robust or have special measures taken to protect them
while in use. Fourier analysis revealed that a less than 10 hour sampling frequency
would adequately describe the grain storage environment. This system was employed to
characterize the internal environment of commercially conditioned corn and soybeans for
up to 20 weeks. The same system was used to investigate the storage environment of
harvest condition corn stored for 12 weeks.
There were significant differences between the grain periphery temperature and
the grain center temperature. Peripheral temperature closely followed ambient
conditions. The peripheral region was estimated to reach 30-45 cm (12-18 in) into the
grain mass. Moisture appeared to migrate toward the bag surface during the studies.
There was the distinct possibility for condensation within the bag surface if ambient
conditions were cooler than the grain temperature. Even with the internal environmental
differences there were no measured spatial differences in grain moisture content across
all studies. Spatial interpolation of temperature measurements using Ordinary Kriging
provided insight into the thermal environment of grain bags
Bag envelope tightness and intrusions had a direct bearing on stored grain quality;
any bag damage should be repaired immediately. Rodents will likely damage any bag in
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which grain is stored. Keeping the ground surface clear and applying commercial
repellent products may lessen this damage. Wildlife damage could be reduced by placing
bags as far away as possible from cover locations.
Dried condition corn was stored for 20 weeks without marked quality loss,
although. Dried soybeans lost approximately one grade while in storage for 16 weeks.
Harvest condition corn fell from US No. 2 grade to the lowest level of US Sample grade.
Grain initial quality and moisture content were primary factors in determining grain bag
storage performance. In all cases, management of sour odors could be expected. Late
harvested grain which has cooled and dried in the field may be better suited for grain bag
storage than warm, moist early harvest grain.
With these conclusions, grain managers have better insight into if and how grain
bags fit into their operations. The risks and rewards will still needed to be quantified on a
case by case basis for each potential user. This system does provide flexible storage
options for grain managers and can be used in tandem with traditional fixed storage
methods. Ultimately this work could assist them in making their decision based on the
strengths and weaknesses of the grain bag storage system.
Recommendations
The following are general recommendations for grain bag storage based on the
results of this research. Local conditions will alter grain bag storage performance.
•

Maximize distance to wildlife cover to potentially limit bag damage.

•

Minimize ground cover to help prevent rodent damage.

•

Load and unload grain bags as straight as possible.

•

Place bags on firm, level, well-drained surfaces.
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•

Repair any bag damage immediately.

•

Feel the outside of the bag for temperature differences if grain is suspected
of heating.

•

Sample if necessary.

•

Corn at > 17 %wb moisture content content should only be stored under
emergency conditions and be removed as soon as possible.

•

Corn at 15-17 %wb moisture content could potentially be stored for up to
8 weeks.

•

Commercial condition grain can be stored for longer periods, depending
on bag envelope tightness.

•

Grain temperature will influence grain storability in this system, as with
other storage methods.

•

Early harvested grain may fare better in traditional storage systems in
which grain can be dried and aerated.
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